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Abstract 
 
The repair and strengthening of deteriorated, damaged and sub-standard steel structures 
has become one of the important challenges confronting civil engineers worldwide. To 
rehabilitate these structures, upgrading techniques utilising the lightweight, high strength 
and corrosion resistance of fibre reinforced polymer (FRP) composites have been 
proposed. This project reports on the upgrading techniques using ultra-high and high 
modulus carbon fibre in a polymer matrix CFRP bonded to the structural system. 
 
The first part of this project involved analysing and comparing steel-carbon fibre 
composite jointing systems using the following adhesives, (a) a conventional civil 
engineering adhesive (Sikadur31), (b) an aircraft adhesive (3M9323) and (c) an adhesive 
film. Experimental and numerical analyses have been undertaken on tensile single and 
double-strap joints, to determine the strain distribution in the adhesive and in the two 
different adherends and to estimate the failure loads of these systems. The results of this 
investigation were used to inform the design of the upgrading system used in structural 
steel hollow sections. The work has provided valuable understanding of the load path 
through the adherends and adhesive materials at a joint. 
 
The second part of this project discussed the experimental and numerical results 
regarding the effectiveness of an ultra-high, or a high, modulus CFRP prepreg in 
strengthening an artificially degraded steel beam of rectangular cross-section under four-
point loading. Four beams were upgraded, two utilising U-shaped prepreg units, which 
extended up the vertical sides of the beam to the neutral axis height, whereas the other 
two beams used a flat plate prepreg. All beams had an identical hybrid lay-up of CFRP 
and glass fibre reinforced polymer (GFRP) composite. The tests were carefully 
monitored, up to failure, in terms of deflections and strains at strategic positions, which 
were compared with those from a finite-element analysis. 
 
The results showed that the strengthening system can restore the degraded beam to its 
original strength, and provide quantitative information on the behaviour of the FRP and 
the adhesive in such applications. 
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Notation 
 
The following list describes the notation used in literature review only: 
The symbols in the remaining chapters are defined within the text. 
 
sCFRP AA ,  = area of adherend 
ps aa ,  = coefficient of thermal expansion of adherend 
b  = width of joint 
c2  = length of overlap 
CFRPpsi EEEEE ,,,,0  = Young’s Modulus of adherend 
cE  = Young’s Modulus of adhesive 
FS  = suitable factor of safety (usually 2) 
ac GGG ,,  =shear modulus of adhesive 
ps GG ,  = shear modulus of adherend 
κ  = bending moment factor 
l  = length of joint or length of overlap 
eL  = elastic zone length 
pL  = plastic zone length 
oM  = bending moment 
sCFRP PPP ,,  = applied load or force per unit width 
p  = average stress 
spsi ttEtt ,,,,0  = thickness of adherend 
at  = thickness of adhesive 
cv  = Poison’s ratio of adhesive 
x  = position along the glue line 
y  = the axial co-ordinate 
eγ  = elastic shear strain 
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pγ  = elastic shear strain 
ΔΤ  = temperature change 
sCFRP εε ,  = strain of adherend 
η  = thickness of adhesive 
λ  = elastic shear stress distribution parameter 
oσ  = normal stress 
sp σσ ,  = average normal stress of adherend 
ULTσ  = ultimate stress 
mτ  = average shear stress 
oτ  = shear stress 
pτ  = plastic shear stress 
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Chapter 1 Introduction and Layout of Study 
 
1.1 Background of Problem and Objectives of Thesis 
 
The gain in momentum, for the use of advanced polymer composites (APC) in the civil 
infrastructure, is due to the intrinsic advantages in their mechanical and in-service 
properties. The growth in the use of APCs has been reflected in their utilisation for 
upgrading and rehabilitating RC bridge and structural systems, for the wrapping of RC 
columns and for the manufacture of FRP rebars. However, limitations still exist, for 
example the limited data on the durability of the constituent materials of APCs. 
 
The increase in use of these materials is also the result of research utilising experimental, 
numerical and design techniques which have been carried out over the last two decades. 
However, the concept of retrofitting APC materials to rehabilitate steel bridges has been 
investigated by only a limited number of researchers, and certainly not to the same extent 
that repair of reinforced concrete members with APCs have been analysed. 
 
The research undertaken in this study is concerned with the rehabilitation of steel 
members using APC to restore their original strength and stiffness. The study is divided 
into two areas:  
(a) The characterisation of single and double-strap metal/composite joints, in order to 
understand their load-deformation characteristics and failure mechanisms. 
(b) The method of applying APC to degraded steel sections to increase their stiffness and 
strength to their original conditions, and hence understand the application technique, the 
stress analysis and the failure mechanisms of such a combination. 
 
For the first part of the study, namely experimental analysis of strap joints, 
preimpregnated (prepreg) carbon fibre reinforced polymer (CFRP) composite plates were 
bonded across a discontinuous steel plate to form a strap joint. The parameters examined 
included the type and thickness of the adhesive, the thickness of the steel and the type of 
the CFRP in terms of its modulus and tensile strength. Both single-strap and double-strap 
joints were tested, and a variety of failure modes was observed. In general, three 
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nominally identical specimens for each case were tested, in order to characterise their 
behaviour and failure mechanisms. 
 
Tension tests were carried out in order to determine the stiffness and strength of the 
joints, to investigate load transfer mechanism and distribution and finally to reveal the 
failure mode. To complement the experimental work, linear 2D finite element models 
(FEM) were created in order to simulate numerically the behaviour of single and double 
strap joints under tensile loading. These investigations, which formed the first stage of the 
project explored the potential of APCs for steel bridge strengthening. 
 
For the second part of the study, ultra-high modulus (UH-M), and high modulus (H-M), 
CFRP prepreg composites were used to strengthen an artificially degraded steel beam of 
rectangular cross-section; the beams were placed under four-point loading. Four beams 
were upgraded, two utilising U-shaped prepreg units, which extended up the vertical 
sides of the beam to the neutral axis height, whereas the other two beams used a flat plate 
prepreg. All beams had an identical hybrid lay-up of CFRP and glass fibre reinforced 
polymer (GFRP) composite layer sandwiched between the CFRP and steel member; for 
each of the geometrical shapes both a (UH-M) and a (H-M) CFRP was used. Fabrication 
of the prepreg material was undertaken in-situ and all the prepregs were bonded to the 
steel substrate utilising an adhesive film. 
 
The tests were carefully monitored, up to failure, in terms of strains and deflections at 
strategic positions. These values were then compared with those of a 3D non-linear finite 
element analysis. In general, all upgraded beams reached a failure load which was in 
excess of the plastic collapse load of the undamaged beam. Depending on the type of 
CFRP used different failure modes were obtained. Observations were also made with 
regard to the two geometrical shapes of the repair (U-shape vs. flat plate). 
 
Thus the aims of this project are: 
(1) To investigate the bonding characteristics of a high and an ultra-high modulus CFRP 
prepreg composite material, specifically developed for the civil engineering industry, 
bonded to steel coupon specimens using a film adhesive compatible with the matrix 
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material of the CFRP composite. In addition, to investigate the bonding characteristics of 
specimens, which consist of a GFRP prepreg sandwiched between the CFRP composite 
and the steel, and to establish whether a smooth stress transfer from the steel to the CFRP 
does take place and hence improve the strength of the joint. These results will be 
compared with a standard adhesive which is used widely in the construction industry and 
also with an adhesive generally used for high grade bonding applications in the aerospace 
industry. 
(2) To investigate, the effectiveness of an ultra-high modulus and a high modulus CFRP 
prepreg to strengthen artificially degraded steel beams of rectangular cross-section under 
four-point loading. Four beams will be upgraded, two utilising U-shaped prepreg units, 
whereas in the other two beams flat plate prepregs will be used. 
 
These various specimens produced for experimental analysis will be also modelled and 
analysed using finite elements (FE) in order to ascertain the potential of the latter in 
simulating physical tests. 
 
1.2 Layout of Study 
 
The structure of the thesis is described in this section. A total of seven Chapters, 
including this introductory Chapter, are presented. 
 
Chapter 2 is divided into two parts. The first part presents general concepts concerned 
with adhesive joints and joint design considerations. The effects of adherend thickness, 
the geometry of the joints, ductile adhesive response, bond defects, behaviour of 
composite adherends and the durability of adhesive joints have been reviewed. In 
addition, reviews of previous work and the theoretical solutions for the lap shear test for 
single and double lap joints have been made. The second part of Chapter 2 presents the 
problem statement for the retrofitting of steel beams with composite materials and is 
particularly concerned with the development of the hybrid beam concept. An account of 
previous hybrid beam designs, studied by various authors, has been presented. Finally, 
this Chapter reviews the work undertaken on galvanic corrosion relating to steel beams. 
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Chapter 3 is divided into three parts. The first part presents a description and 
experimental characterisation of the APC materials utilised in this study. This includes 
test results and mechanical properties of the materials used. The second part is concerned 
with the development of the linear 2D finite element models and also the presentation of 
stress results for the single and double strap adhesive joints which were carried out using 
ABAQUS CAE version 6.2 and 6.3 (ABAQUS 2002). Finally, the third part is concerned 
with the experimental investigation on adhesive joints, in particular, with the material and 
specimen preparation, instrumentation and experimental set-up and test procedure. Also, 
included are typical experimental results for load-deflection, load-strain and strain 
distribution response for single and double strap joints. 
 
Chapter 4 considers the experimental fabrication and testing of the four hybrid beams. 
Also, presented is a description of the materials used and their mechanical properties. The 
preparation of the specimen, the test procedure and the instrumentation is described. 
Finally, the experimental results, including load-deflection, load-strain and strain 
distribution responses for each different type of hybrid beam, are presented. 
 
Chapter 5 is concerned with the development of the finite element models for the four 
hybrid beams and with the validation of these models. This Chapter also, presents the 
results of the 3D non-linear FE analysis for the retrofitted steel composite beam systems; 
these analysis were carried out using ABAQUS CAE version 6.3 (ABAQUS 2002). 
 
Chapter 6 presents the comparison between the experimental results presented in Chapter 
4 and the numerical results reported in Chapter 5. 
 
Chapter 7 concludes the work undertaken in this study and draws together the various 
aspects of the project. Recommendations for the further work are also presented. 
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Chapter 2 Literature Review 
 
2.1 Introduction 
 
Advanced composites have been in use since World War II (Hollaway 1993). Driven by 
the need for materials with enhanced properties, advanced composite materials for bridge 
applications began to slowly emerge in the late 1970s and early 1980s (Hollaway and 
Head 2001). Fibre reinforced polymers have been successfully used to strengthen 
structural elements made of concrete, masonry and wood. Numerous applications have 
been cited for bridge structures e.g. repair of prestressed concrete and wood bridges in 
Switzerland (Meier 1992), multi-span hollow box girder bridge in Germany (Rostasy 
1992), slab bridges in Japan (Uemura 1994), and reinforced prestressed concrete bridges 
in the United States (Shahaway 1995). Their high strength to weight ratio, combined with 
their resistance to corrosion, has played a significant role in creating interest in these 
materials for bridge repair and rehabilitation, as well as new concepts for bridge decks 
and superstructures. 
 
Strengthening of in-service steel girders through the use of externally bonded composite 
plates is particularly attractive due to the ease of application. Since composites weigh 
approximately one-tenth that of steel, they can be adhesively bonded to most adherends 
materials, and can have stiffnesses up to three times that of steel (in addition to having 
superior corrosion resistant). Hence, they offer great potential for in-service cover plate 
applications. 
 
While many studies have been conducted on the repair and strengthening of concrete 
structures using advanced composites, only a very limited amount of research has been 
conducted on the application of these materials to steel structures (Mertz 1996a, 
Mosallam 1999, Tavakkolizadeh and Saadatmanesh 2003b). This extension has not been 
so widespread since it poses a more difficult set of problems. The likelihood of lateral 
buckling makes it necessary to fabricate composite steel sections where the compression 
flange is continuously supported by a reinforced concrete slab. These sections are more 
complicated to fabricate and to test in comparison with rectangular concrete or wood 
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sections. In addition, steel’s high strength and stiffness makes it a more difficult material 
to strengthen, especially as the high stiffness and strength carbon fibre reinforced 
polymers (CFRP) that are commonly used for upgrading RC systems, have a lower 
modulus than steel. This means that substantial load transfer can only take place after the 
steel has yielded. For this reasons, this project will involve the use of ultra-high modulus 
carbon fibre with a modulus up to three times that of steel. However, for such a system, 
the CFRP-adhesive bond is the weakest link and will control the mode of failure. Thus, 
consideration of surface preparation alone will probably not suffice. Attention must also 
be paid to augment the capacity of the adhesive through the use of appropriate fasteners. 
Successful strengthening of steel bridge sections with CFRP would be particularly useful 
as steel girder bridges constitute a large segment of ageing bridges in Europe and North 
America. 
 
Adhesively bonded joints offer advantages over mechanically fastened, bolted, welded 
and riveted joints in time and cost saving, higher strength to weight ratios, corrosion and 
fatigue resistance, crack retardance, damping characteristics and so on (Kuno 1979). 
Adhesive bonding of polymer composite structures has additional merits in avoiding the 
drilled holes (and broken fibres) and reducing stress concentrations. 
 
The production of on site adhesively bonded joints is a cold cure process. There are no or 
only few negative effects to the material structure. During welding the major residual 
stresses are much higher and could negate the beneficial effect of repair. In comparison to 
other joints like bolts or spot-welding adhesive bonding has, in theory, many advantages. 
 
There are of course some disadvantages associated with adhesive joining. To obtain a 
sufficient strength in every adhesively bonded joint, an understanding of the jointing 
surfaces and cure time for the adhesive is necessary. Low adhesive strengths can result 
due to many influences, but temperatures in excess of 100oC are the main reason due to 
the low glass transition temperature of polymer adhesives at which they lose their 
dimensional stability. Adhesive joints should also be designed in a way to reduce the 
peeling stress to a minimum. However, factors such as the inherent material 
heterogeneity, residual stresses, free-edge effects, and relatively low transverse strength 
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and shear stiffness, impose greater complexity in the case of adhesively bonded 
composite structures as opposed to homogeneous isotropic structures (Pasternak, 
Schwarzlos and Schimmack 2002). 
 
2.2 Adhesive Joints 
 
2.2.1 Introduction 
 
“Adhesion is the phenomenon of causing two materials to be held together, while an 
adhesive is the material utilised in carrying out this phenomenon” (Patrick 1969). This 
simple definition avoids much debate and confusion that has surrounded the exact 
meaning of the word adhesion. This fascinating field, however, has come a long way 
since man first realised that the blood caused his hair to cling together quite glutinously. 
Specifically, major strides have been made in the second half of the last century, and 
these have enabled a more fundamental understanding of the subject. Notably, major 
interest has risen in the past decade or so regarding the use of various adhesives for 
military, aerospace and microelectronic applications (Wilson 1990). In this regard, 
aromatic polyamides and related polymers have been of significant importance. These 
materials possess a broad array of superior properties like excellent thermal stability, 
solvent resistance, good mechanical properties, radiation resistance, low thermal 
expansion, wear resistance, hydrolytic stability, low dielectric constant and high 
breakdown voltage (Ghosh 1996). This broad range of attractive properties in these high 
performance polymers has made them excellent candidates as adhesives. 
 
In principle, adhesive joints are structurally more efficient than mechanically fastened 
ones because they provide better opportunities for eliminating stress concentrations; for 
example, advantage can be taken of visco-elastic response of the adhesive to reduce stress 
peaks. Mechanically fastened joints tend to use the available material inefficiently. 
Sizeable regions exist where the material near the fastener is nearly unloaded, which must 
be compensated for by regions of high stress to achieve a particular required average 
load. 
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In many cases, however, mechanically fastened joints cannot be avoided because of 
requirements for disassembly of the joint, for replacement of damaged structure or for 
achieving access to the underlying structure. In addition, adhesive joints tend to lack 
structural redundancy, and are highly sensitive to manufacturing deficiencies, including 
poor bonding technique, poor fit of mating parts and sensitivity of the adhesive to 
temperature and environmental effects such as moisture. Assurance of bond quality has 
been a continuing problem in adhesive joints; while ultrasonic and X-ray inspection may 
reveal voids in the bond, there is no technique at present, which can guarantee that a 
bond, which appears to be intact, possesses adequate load transfer capability. Surface 
preparation and bonding techniques have been well developed, but due to the possibility 
of lack of attention to detail in the bonding operation, it may lead to bonding deficiencies. 
 
2.2.2 Joint Design Considerations 
 
“The basic principle for design of adhesive bonds is to design the joint such that the 
adhesive is always stronger than the unnotched strength of the adherends” (Maxwell and 
Bond 1999). 
 
2.2.2.1 Effects of Adherend Thickness 
 
Figure 2.1 shows a series of typical bonded joint configurations. Adhesive joints in 
general are characterised by high stress concentrations in the adhesive layer. These 
originate, in the case of peel stresses, because of unequal axial straining of the adherends 
or because of eccentricity in the load path. Considerable ductility is associated with shear 
response of typical adhesives, which is beneficial in minimising the effect of shear stress 
joint strength. Response to peel stresses tends to be much more brittle than that to shear 
stresses and reduction of peel stresses is desirable for achieving good joint performance. 
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Figure 2.1: Adhesive Joint Types (After Hart-Smith 1974b) 
 
From the standpoint of joint reliability, it is vital to avoid letting the adhesive layer be the 
weak link in the joint; this means that, whenever possible, the joint should be designed to 
ensure that the adherends fail before the bond layer. This is because failure in the 
adhesive is resin dominated, and thus subject to effects of voids and other defects, such as 
thickness variations, environmental effects, processing variations, deficiencies in surface 
preparation and other factors that are not always adequately controlled. 
 
This poses a significant challenge, since normal adhesives are inherently much weaker 
than the composite or metallic elements being joined. However, the objective can be 
accomplished by recognising the limitations of the joint geometry being considered and 
placing appropriate restrictions on the thickness dimensions of the joint for each 
geometry. Figure 2.2, which has frequently been used by Hart-Smith (1974b) to illustrate 
this point, shows a progression of joint types, which represent increasing strength 
capability from the lowest to the highest in the figure. In each type of joint, the adherend 
thickness may be increased as an approach to achieving higher load capacity. 
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Figure 2.2: Joint Geometry Effects (After Hart-Smith 1974b) 
 
When the adherends are relatively thin, the results from stress analyses show that for all 
of the joint types in Figure 2.2, the stresses in the bond will be small enough to guarantee 
that the adherends will reach their load capacity before failure can occur in the bond. As 
the adherend thicknesses increase, the bond stresses become relatively large until a point 
is reached at which bond failure occurs at a lower load than that for which the adherends 
fail. This leads to the general principle that for a given joint type, the adherend 
thicknesses should be restricted to an appropriate range relative to the bond layer 
thickness. As a result, each of the joint types in Figure 2.1 and 2.2 corresponds to a 
specific range of adherend thicknesses and therefore of load capacity. As the need for 
greater load capacity arises, it is preferable to change the joint configuration to one of the 
higher efficiency rather than increasing the adherend thickness indefinitely. 
 
The above applies to the design of joints from first principles. In the case of structural 
rehabilitation, the options available are reduced, and hence the possibility of achieving 
certain failure modes might be compromised. 
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2.2.2.2 Joint Geometry Effects 
 
Single and double joints with uniformly thick adherends (Figure 2.1 – Joints (B), (C), (E) 
and (F)) are the least efficient joint type and are suitable primarily for thin structures with 
low running loads (load per unit width, i.e., stress times element thickness). Of these, 
single lap joints are the least capable because the eccentricity of this type of geometry 
generates significant bending of the adherends that magnifies the peel stresses. Peel 
stresses are also present in the case of symmetric double lap strap joints, and become a 
limiting factor on joint performance when the adherends are relatively thick. 
 
Tapering of the adherends (Figure 2.1 – Joints (D), and (G)) can be used to reduce peel 
stresses in areas of the joint where the peel stresses are tensile, which is the case of 
primary concern. No tapering is needed at ends of the overlap where the adherends butt 
together because the transverse normal stress at that location is compressive and rather 
small. Likewise, for double strap joints under compressive loading, there is no concern 
with peel stresses at either location, since the transverse extensional stresses that do 
develop in the adhesive are compressive in nature rather than tensile; indeed, where the 
gap occurs, the inner adherends bear directly on each other and no stress concentrations 
are present there for the compression loading case. 
 
For joints between adherends of identical stiffness, scarf joints (Figure 2.1 – Joints (I)) 
are theoretically the most efficient, having the potential for complete elimination of stress 
concentrations. In practice, some minimum thickness corresponding to one or two ply 
thickness must be incorporated at the thin end of the scarfed adherend leading to the 
occurrence of stress concentrations in these areas. In theory, any desirable load capability 
can be achieved in the scarf joint by making the joint long enough and thick enough. 
However, practical scarf joints may be less durable because of a tendency toward creep 
failure associated with a uniform distribution of shear stress along the length of the joint 
unless care is taken to avoid letting the adhesive be stressed into the non-linear range. As 
a result, scarf joints tend to be used only for repairs of very thin structures. This type of 
joint is particularly demanding with respect to manufacturing. 
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Step lap joints (Figure 2.1 – Joints (H)) represent a practical solution to the challenge of 
bonding thick members. These types of joint provide manufacturing convenience by 
taking advantage of the layered structure of composite laminates. In addition, high loads 
can be transferred if a sufficient number of short steps and small rise (i.e. thickness 
increment) in each step are used, while developing a sufficient overall length of the joint. 
 
2.2.2.3 Effects of Ductile Adhesive Response 
 
Adhesive ductility is an important factor in minimising the adverse effects of shear and 
peel stress peaks in the bond layer. If peel stresses can be eliminated from consideration 
by such approaches as adherend tapering, strain energy to failure of the adhesive in shear 
has been shown by Hart-Smith to be the key parameter controlling joint strength (Hart-
Smith 1973b). Thus, the square root of the adhesive strain energy density to failure 
determines the maximum static load that can be applied to the joint. The work of Hart-
Smith has also shown that for predicting the mechanical response of the joint, the detailed 
stress-strain curve of the adhesive can be replaced by an equivalent curve consisting of a 
linear rise followed by a constant stress plateau (i.e., elastic-perfectly plastic response), 
provided the latter is adjusted to provide the same strain energy density to failure as the 
actual stress-strain curve. Test methods for adhesives should be aimed at providing data 
on this parameter. Once the equivalent elastic-perfectly-plastic stress-strain curve has 
been identified for the selected adhesive in the range of the most severe environmental 
conditions (temperature and humidity) of interest, the joint design can proceed through 
the use of relatively simple one-dimensional stress analysis, thus avoiding the need for 
elaborate finite element calculations. 
 
2.2.2.4 Behaviour of Composite Adherends 
 
Polymer matrix composite adherends are affected considerably more by interlaminar 
shear and tensile stresses than are metals, consequently there is a significant need to 
account for such effects in stress analyses of joints. Transverse shear and thickness of the 
adherends have an effect, analogous to thickening of the bond layer, corresponding to a 
lowering of both shear and peel stress peaks. In addition, the adherend matrix is often 
weaker than the adhesive in shear and transverse tension. As a result, the limiting element 
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in the joint may be the interlaminar shear and transverse tensile strengths of the adherend 
rather than the bond strength. Ductile behaviour of the adherend matrix can be expected 
to have an effect similar to that of ductility in the adhesive in terms of the response of the 
adherends to transverse shear stresses, although the presence of the fibres probably limits 
this effect to some extent, particularly in regard to peel stresses. 
 
The effect of the stacking sequence of the laminates making up the adherends in 
composite joints is significant. For example, 90-degree layers placed adjacent to the bond 
layer theoretically act largely as additional thicknesses of bond material, leading to lower 
peak stresses, while 0-degree layers next to the bond layer give stiffer adherend response 
with higher stress peaks. In practice it has been observed that 90-degree layers next to the 
bond layer tend to seriously weaken the joint because of transverse cracking which 
develops in those layers. 
 
Large disparity of thermal expansion characteristics between metal and composite 
adherends can pose several problems. Adhesives with high curing temperatures may be 
unsuitable for some uses below room temperature because of large thermal stresses, 
which develop as the joint cools below the fabrication temperature. 
 
2.2.2.5 Effects of Bond Defects 
 
Defects in adhesive joints, which are of concern, include surface preparation deficiencies, 
voids and porosity, and thickness variations in the bond layer. 
 
Of the various defects which are of interest, surface preparation deficiencies are probably 
the greatest concern. These are particularly troublesome because there are no current non-
destructive evaluation techniques, which can detect low interfacial strength between the 
bond and the adherends. Hart-Smith, Brown and Wong (1993) give an account of the 
most crucial features of the surface preparation process. Results shown in Hart-Smith, 
Brown and Wong (1993) suggest that surface preparation which is limited to removal of 
the peel ply from the adherends may be suspect, since some peel plies leave a residue on 
the bonding surfaces that makes adhesion poor. However some manufacturers claim to 
have obtained satisfactory results from surface preparation consisting only of peel ply 
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removal. Low pressure grit blasting (Hart-Smith, Ochsner and Radecky 1984) is 
preferable over hand sanding as a means of eliminating such residues and mechanically 
conditioning the bonding surfaces. 
 
For joints which are designed to ensure that the adherends, rather than the bond layer, are 
the critical elements, tolerance to the presence of porosity and other types of defect can 
be considerable. Porosity is usually associated with over-thickened areas of the bond, 
which tend to occur away from the edges of the joint where most of the load transfer 
takes place. It is thus, a relatively benign effect, especially if peel stresses are minimised 
by adherend tapering (Hart-Smith 1981b). 
 
Bond thickness variations (Hart-Smith 1981c) usually take place in the form of thinning 
due to excess resin bleed at the joint edges. This leads to overstressing of the adhesive in 
the vicinity of the edges. Common aerospace practice involves the use of film adhesives 
containing scrim cloth, some forms of which help to maintain bond thicknesses. It is also 
common aerospace practice to use mat carriers of chopped fibres to prevent a direct path 
for access by moisture to the interior of the bond. 
 
2.2.2.6 Durability of the Adhesive Joints 
 
Hart-Smith (1981b), discusses differences in durability assessment of adhesive joints 
between concepts related to creep failure under cyclic loading and those related to crack 
initiation and propagation which require fracture mechanics approaches for their 
interpretation. In summary, Hart-Smith suggests that if peel stresses are eliminated by 
adherend tapering or other means, and if the principle, discussed in section 2.2.2.1, of 
limiting the adherend thickness to ensure failure of the adherends rather than the adhesive 
is followed, crack-type failures will not be observed under time-varying loading. Failures 
relate primarily to creep fatigue at hot-wet conditions and occur in joints with short 
overlaps which are subject to relatively uniform distributions of shear stress along the 
length. Some of the general observations on joint durability are summarised in Table 2.1 
(Mays and Hutchinson 1992). 
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Table 2.1: Parameters Affecting Environmental Durability 
Parameter Description 
Water Activity, bond line concentrations, pH and soluble 
aggressive ions. If absorbed by adhesive, may 
plasticise and toughen. 
Temperature Rate of degradation promoted by elevated 
temperature; also creep effects. May aid post-
curing and may plasticize and toughen cured 
adhesive. 
Oxygen Contribution to metallic corrosion and polymer 
degradation. 
Adhesive                          Rheology
Composition
Cure schedule
Interfacial contact. Air voids. 
Chemical type effects cured structure, bulk 
properties, interfacial composition and stability. 
Low temperature curing implies inferior 
performance. 
Adherends                             Metals
Concrete
Composite
Surface stability. 
Surface dryness and coherence. Permeability. 
Moisture content. Permeability. 
Surface pre-treatment A most important factor. Specific to particular 
adherends and, sometimes, the adhesive. Nature 
of primer (if applicable). Bonding conditions. 
Stress                                   Internal
Externally applied
Cure shrinkage, temperature variation, swelling 
by moisture. 
Strained bonds more susceptible to attack. 
Probably increases the rate of diffusion of an 
ingressing medium. Stress-corrosion. Stresses 
polymer, with an increased free volume, may 
retain more water than unstressed polymer. 
Joint design Stress concentrations/tensile forces at or near 
interface reveal sensitivity towards environmental 
attack. 
Time Duration of exposure, application of stress and 
adhesive viscoelasticity. 
 
2.2.3 Theoretical Solutions for Adhesive Lap Joints 
 
2.2.3.1 Previous Work on Single Lap Joints 
 
The single-lap joint is one of the most commonly used bonding configurations. Due to its 
combined characteristics of simplicity and efficiency, the single-lap has been adopted as a 
standard mechanical test method for determining the shear strength (ASTM D1002-72) 
and modulus (ASTM D3983-81) properties of adhesives. In addition, it has also gained 
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the attention of aerospace, automotive, as well as the wood and plastics industries for 
structural joint evaluation. 
 
Whether it is employed for determining the material properties of adhesives or for 
structural bonding applications, the single-lap joint must be analysed in detail to provide 
an understanding of the stress distributions not only in the adhesive layer, but also in the 
joint adherends, both under mechanical loading and under the relevant environmental 
conditions (such as temperature, moisture, etc.). The stress analysis of the single-lap joint 
has undergone continuous development and refinement for more than five decades. For 
single-lap joints, Volkersen (1938) first proposed a simple shear lag model based on the 
assumption of one-dimensional bar like adherends with only shear deformation in the 
adhesive layer. Later, Goland and Reissner (1944) postulated a beam-on-elastic-
foundation model, and developed a cylindrically bent-plate analysis in which the major 
steps were: 
• To introduce the effects of a joint edge moment, resulting from the eccentricity of the 
loading path, on the stress distributions in the adherends and the adhesive. 
• To formulate the adhesive stress distributions in terms of geometrical and material 
parameters of the adherend and adhesive. 
• To demonstrate the critical role of the transverse normal (peel) stress component at 
(or near) the free end of the adhesive layer. 
 
Hart-Smith (1973a) proposed an improved model, which removes the lumped overlap 
(assumed in the Goland and Reissner analysis) restriction by treating the adherends as 
beams on an elastic foundation, and provided stress solutions for linear elastic and 
elastic-plastic adhesives. Recent contributions include Suhir (1986, 1989) who provided a 
beam-like solution for thermal-induced bimetal interfacial stresses by taking into account 
transverse interfacial compliance of the strips, and Suhir (1994) who provided a 
theoretical analysis of cylindrical double lap joints. Other recent contributions include 
Delale et al. (1981) who developed two-dimensional closed form solutions for bonded 
joints, and Lin and Lin (1993) who developed a finite element model of single-lap 
adhesive joints. Opliger (1991) developed a layered beam analysis, which included 
treatment of large deflections of the joint overlap. Also Opliger (1994) developed a 
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layered beam theory to investigate the effect of adherend deflection on the adhesive stress 
distributions. Tsai and Morton (1994) evaluated theoretical solutions using non-linear 
finite element analyses, and resolved some controversies and inconsistencies between the 
theories. Tsai and Morton (1995) also performed experimental analysis to verify the non-
linear deformations of the single-lap joints and adhesive stress distributions. 
 
2.2.3.2 Lap-Shear Test for Single Lap Joints 
 
This test is an ASTM standard (D1002) and is the most widely used adhesion test. The 
test gives the apparent average shear strength and is not intended for designing actual 
bonded structures or obtaining true shear strength of the adhesive. However, it is a 
sufficient comparative test especially useful due to its simple geometry (Kinloch 1982).  
 
Ignoring peel effects and thermal stresses, the load capacity (the load which the adhesive 
joint can sustain) of an elastic-plastic adhesive in a single overlap bonded joint is given 
by (Hart-Smith 1973a) as the lesser value of: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +⎟⎠
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⎛ +=
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ii
iipep tE
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tEtEP 1
2
12 γγητ           (2.2) 
All variables are defined in Figure 2.3. 
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Figure 2.3: Variables Used in Single-lap Joint Analysis 
(After Maxwell and Bond 1999) 
 
The average shear strength is given as: 
bl
P
m =τ               (2.3) 
where mτ  is the apparent average shear strength, P  is the applied load, b  and l  are the 
joint width and length respectively. While the geometry of the test is simple and a reason 
for its popularity, from a mechanics viewpoint the lap-shear joint is a very complex 
loaded structure. The stress distributions within the sample are effected by several factors 
such as (Kinloch 1982, Adams 1981, Harrison et al. 1972): 
1. adherend modulus and thickness 
2. adhesive modulus and thickness 
3. bond overlap 
4. other factors like presence of spew, shear module of adhesive etc 
It is very important to recognise these factors before testing as they can have a significant 
influence on the bond strengths obtained. 
 
Volkersen (1938) proposed a shear lag model to account for the non-uniform shear stress 
distribution along the bondline. The major assumptions of the model are that the adhesive 
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deforms only in shear and the adherends only in tension. The equation that he derived for 
shear stress distribution along any point ( )x  on the bondline is given by: 
( ) ( ) ( ) ⎥⎦
⎤⎢⎣
⎡
+
−
⎟⎠
⎞⎜⎝
⎛+⎟⎠
⎞⎜⎝
⎛= ooii
ooii
tEtE
tEtEx
l
Px
l
Px λλ
λλλ
λτ sinh
2
cosh2
cosh
2
sinh2
        (2.4) 
where: 
⎥⎦
⎤⎢⎣
⎡ +=
ooii
ooii
tEtE
tEtEG
ηλ  
l  is the length of the overlap, P  represents a force per unit width, η  is the adhesive 
thickness, it  and ot  are the adherend thicknesses, iE  and oE  are the Young’s modulus of 
the adherends, and G  is the shear modulus of the adhesive (see Figure 2.3 for more 
details). Volkersen’s shear lag approach assumes that the adhesive and the adherend are 
linear elastic. 
 
Figure 2.4 illustrates the shear stress profile for the adhesive and tensile stress profile for 
the adherend in the idealised case and with respect to Volkersen’s approach. When proper 
account of the various joint parameters is taken, it is found that the adherend tensile stress 
decreases progressively from the loaded end to the unloaded end, with the rate of change 
of the adherend stress being primarily dependent upon the adherend stiffness. The shear 
strain and shear stress in the adhesive are maximum at the ends and minimum in the 
centre. Dissimilar adherends will lead to an asymmetric shear stress distribution. 
 
The overlap requirements can be determined simply by designing the overlap length (see 
Figure 2.5) such that the adhesive could reach the unnotched ultimate strength of the 
parent material by plastic behaviour within the adhesive. This is achieved by determining 
the required plastic zone overlap length from (Maxwell and Bond 1999): 
p
iULT
p
tL τ
σ
2
=               (2.5) 
for a single overlap joint. In a bonded joint, the elastic transfer length λ/1  is the distance 
necessary for the elastic shear stress to decay to near zero. An empirical factor of three is 
applied to that elastic zone length to provide the necessary allowance for creep resistance: 
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λ
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where 
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Figure 2.4: Shear Strain and Shear Stress in the Bond-line and Tensile Stress on the Adherends as Given 
(a) Ideally, (b) Predicted by Volkersen’s Analysis, (c) Effect of Bending Moment, which Acts Along the 
Bondline, Gives Rise to a Peel Stress, Thereby Reducing Joint Strengths, (d) Shear Strength Profile as 
Given by Various Analyses, (e) Peel Stresses Along the Bondline as Calculated by Goland-Reissner 
(After Volkersen 1938, Goland-Reissner 1944) 
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Figure 2.5: Methodology for Determination of Overlap Length for a Bonded Joint such that the Load 
Capacity will be Greater than the unnotched Strength of the Parent Material 
(After Maxwell and Bond 1999) 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: Definition of Bonded Joint or Repair Terminology 
(After Maxwell and Bond 1999) 
 
As shown in Figure 2.6, the required transfer length (the length necessary to allow 
complete load transfer from one adherend to the other) is the total of the elastic and 
plastic zone ( )ep LL + . The minimum overlap length is twice the transfer length (Maxwell 
and Bond 1999). 
 
However, Volkersen ignored the bending moments in the specimen due to non-linear load 
application as shown in Figure 2.4(c). Any bending of the adherends changes the 
direction of the load line and, in the adhesive, deformation is no longer proportional to 
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the applied load. Goland and Reissner (1944) took this fact into account and introduced a 
bending moment factor ( )κ  which relates the bending moment in the adherend end ( )oM  
to the applied load as: 
2
PtM o
κ=               (2.7) 
and 
( ) ⎟⎠
⎞⎜⎝
⎛+
=+=+=
22
tanh221
1
tanh221
1
)sinh(22)cosh(
)cosh(
222
2
ccucucu
cu
ξκ       (2.8) 
where  
3
2 )1(12
Et
Pνξ −= ,   
222
ξ=u  
P  is the longitudinal force per unit width, l  is the length of the outer adherends, c2  is 
the length of the overlap, t  is the thickness of the adherend, and η  is the thickness of the 
adhesive layer. While 1=k  corresponds to non-bending adherends (see Figure 2.4(c)), in 
reality 1<k  as the overlap area rotates and brings the load line closer to the centre of the 
adherends. Goland and Reissner predicted a more non-uniform shear stress profile in the 
bondline than that predicted by Volkersen. One important aspect of Goland and Reissner 
analysis is that it predicts the excessive adhesive shear strains at the edges due to the 
elastic bonding of the adherends. These excessive strains may lead to failure of the 
adhesive bond. The adhesive shear and transverse normal stresses ( )oτ  and ( )oσ  were 
assumed constant through the thickness of the adhesive layer. The closed form solutions 
(Goland and Reissner 1944) are given as adhesive shear stress ( )oτ : 
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and adhesive normal stress ( )oσ : 
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p  is the applied average stress, c2  is the length of the overlap, cG is the adhesive shear 
modulus, cE  and cν  are the elastic modulus and Poisson’s ratio for the adhesive 
respectively, x  is the position along the glue line and t  is the adherend thickness. 
 
The shear and peel stresses are assumed to be constant along the bond thickness. The peel 
stress test itself is non-uniform and varies along the bond overlap, the maximum being at 
the edges. As predicted by Goland and Reissner, the value of the bending moment factor 
( )k  does not go to zero but approaches 0.2 towards the middle of the bondline. The 
analysis by Hart-Smith, however, predicts this value will fall to zero, implying negligible 
peel stress towards the middle (Hart-Smith 1981a, 1974a). 
 
Hart-Smith’s (1973a) analysis involves the determination of the edge moment, oM  and 
adhesive shear and transverse normal stresses ( )oτ  and ( )oσ , simultaneously. The oM  
obtained from this approach is a function of E , c , t , l , P , cE  and η  (recall that cE  and η  
are not included in the Goland and Reissner’s oM  formulation). By neglecting small 
terms and applying the approximation of ( ) 2/coshsinh 111 luelulu ≈≈ , the solution for 
oM  becomes dependent only on E , c , t η  and P  (or η  and cξ ) as: 
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This analysis accounts for the effect of the large deflection in the outer adherend, but 
disregards the large deflection effect in the overlap. It is thus important to recognise that 
peel forces affect the bond strength values critically in lap-shear joints and often the 
failure can be attributed to these effects. Increasing the length of the overlap or increasing 
the shear modulus of the adhesive increases the non-uniformity of the shear stress profile. 
On the other hand, increasing the modulus of the adherend, thickness of the adherends or 
the bondline thickness increases the uniformity of the shear stress distribution. These 
factors need to be kept in mind before any comparisons are made of the lap-shear strength 
results of results from different laboratories. 
 
Finally, Oplinger (1991) proposed an even more detailed analysis than Hart-Smith’s to 
account for the overlap large deflection effect. Based on Oplinger’s formulation the 
normalised edge moment is: 
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2.2.3.3 Comments on Theoretical Models for Single-lap Joints 
 
In the Goland and Reissner analysis, the calculation of the edge moment oM , took into 
account the influence of the large deflection of the overlap (called the geometrically non-
linear effect) while the stress analysis of the overlap, ignored this effect. Thus, the oM  
expression is valid for short and long overlaps, but the stress analysis of the overlap is 
reliable only for a short overlap, unless the stress transfer from the upper adherend to the 
lower adherend is insensitive to the geometrically non-linear effect. Since the assumption 
of Goland and Reissner’s model may not be realistic, Hart-Smith removed this limitation 
by considering the individual deformations of the upper and lower adherends for the 
overlap. The Hart-Smith model is, however, still limited to the short overlap with a 
relatively thin flexible adhesive, as a result of neglecting the large deflection effect in the 
overlap. The more complete and complex model, postulated by Oplinger, aimed to 
improve the Hart-Smith model with the inclusion of the large deflection effect in the 
overlap. However, Oplinger’s model is still limited to an overlap with a relatively thin 
and flexible adhesive (Tsai and Morton 1994). 
 
Most of the above quantitative relationships are based on elastic deformation of 
adhesives, an elastic-plastic model is often used as the appropriate one in describing the 
fracture behaviour of many viscoelastic adhesives. The large magnitude of fracture 
energy for some materials is attributed to their ability to undergo localised deformation in 
a relatively large region around the crack tip. The stress concentration is therefore 
reduced and the crack is blunted. The reduction in stress concentration can be related to 
the radius of the deformation zone. In this regard, if the bond thickness is too small, it can 
limit the radius of the deformation zone and thus limit the toughness (Bascom and 
Cottington 1976). The crack tip deformation process is viscoelastic in nature and the 
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usual loading rate dependence and temperature dependence are thus introduced. 
Increasing the temperature or decreasing the loading rate increases the size of the 
deformation zone and thus the optimum bond thickness (Hunston et al. 1980). 
 
2.2.3.4 Previous Work on Double Lap Joints 
 
Configuration and deformation of double-lap joint modelled in the classical theoretical 
solution are shown in Figure 2.7. For the double-lap joint shown in Figure 2.7, 
Volkerrsen/De Bruyne modelled the adherends as the bars, which are allowed to deform, 
in the longitudinal direction, uniformly through the thickness of the adherends. The 
adhesive layer was considered to be a shear spring carrying only the shear stresses needed 
to transfer the longitudinal forces from the inner to the outer adherends. 
 
 
 
 
 
 
Figure 2.7: 1-D Bar Model 
(After Volkersen 1938 and De Bruyne 1944) 
 
Treating the adhesive in the same way as Goland and Reissner, (Volkersen 1965) has set 
up differential equations to describe the tensile stresses yσ  and the shear stresses xτ  in 
the adhesive layer of a double-lap joint. Volkersen’s second theoretical model for the 
double-lap joint neglects the same adherend stresses as does the second theory of Goland 
and Reissner, so it has the same bounds of validity. The bending in the double-lap joint 
does not cause rotations of the overlap region, and so the adhesive stress per unit load is 
not dependent on the load applied. Thus, the applied load is explicitly factorable from the 
solution functions for the shear and normal stresses in the adhesive layer. 
 
The classical early work of Volkersen, Goland and Reissner and other workers was 
limited because the peel and shear stresses were assumed constant across the adhesive 
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thickness, the shear was maximum (and not zero) at the overlap end and the shear 
deformation of the adherends was neglected. Because the end face of the adhesive is a 
free surface, there can be no shear stress on it. Thus, by the law of complementary shears, 
the xτ  shear stress at the joint end must also be zero. Volkersen’s later work (1965) did 
include an allowance for end effects (by putting 0=xτ  at the end of the bond line) and 
adherend bending, but Peppiatt (1974) found that there were errors in the paper and it was 
impossible to derive the solutions. By neglecting the adherend stresses caused by 
bending, Peppiatt showed that it was possible to derive a solution for the adhesive shear 
stress and the transverse peel stress. A similar solution was also derived by Benson 
(1969). 
 
Volkersen’s (1938) first classical elastic solution for double-lap joints was extended by 
Hart-Smith. Volkersen’s solution, and also a similar one by De Bruyne (1944), included 
only adherend stiffness imbalance but not thermal mismatch. Hart-Smith’s (1973c) 
derived relationships, which accounted for both adhesive plasticity and thermal 
mismatch, thus allowing a better prediction of the load-carrying capacity of adhesively 
bonded joints. 
 
2.2.3.5 Lap-Shear Test for Double Lap Joints 
 
The linear-elastic stress analysis for double-lap joints having uniform thickness substrate 
and patch materials (see Figure 2.8) represents the foundation for the evaluation of 
double symmetric tapered reinforcements joints. 
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Figure 2.8: Geometry and Materials Parameters of the Double Lap  
and Double Lap with Uniform Substrate and Patch Thickness 
(After Volkersen 1938, Albat and Romilly 1999) 
 
The shear strain energy capacity of the adhesive (Hart-Smith 1973c) results in an 
adhesive load capacity and recommended design overlap from the following expressions: 
⎟⎠
⎞⎜⎝
⎛ +=== pepooav tEltTP γγητ 242         (2.13) 
and 
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oE  is the outer adherend modulus, ot  is the outer adherend thickness, pτ  is the plastic 
shear stress of the adhesive, η  is the thickness of the adhesive, eγ  is the elastic shear 
strain of the adhesive, pγ  is the plastic shear strain of the adhesive and FS  is the suitable 
factor of safety (usually 2). 
These design values can also be determined from the double-lap joint design chart, 
(Figure 2.9). 
 
An analytical model of the bonded joint was also used to investigate the adhesive shear 
stress and CFRP strain distribution. A 1D linear-elastic model, originally proposed by 
Albat and Romilly (1999). The model incorporates a correction for shear-lag in the 
adherends. This is particularly important when considering composite materials as 
reinforcements due to generally low shear module associated with these materials. The 
equations that define the model are provided below, including a description of the 
associated parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: Stiffness Balanced and Thermally Matched Adhesively Bonded Double Lap Joint 
Design Chart (After Hart-Smith 1973c) 
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The shear and adherend stress distributions for constant thickness double-lap joints can 
be written as: 
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where: 
R  is the double side reinforcement, s  is the substrate, p  is the patch, a  is the adhesive, 
sσ  is the average normal stress in substrate material, pσ  is the average normal stress in 
patch or reinforcement material, aτ  is the adhesive shear stress, λ  is the elastic shear 
stress distribution parameter, y  is the axial co-ordinate of joint, l  is the length of 
reinforcement, P  is the applied load per unit length of reinforcement, sE  is the Young’s 
modulus of substrate material, pE  is the Young’s modulus of patch or reinforcement 
material, sG  is the shear modulus of the substrate material, pG  is the shear modulus of 
patch or reinforcement material, aG  is the shear modulus of adhesive, st  is the thickness 
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of substrate material, pt  is the thickness of patch or reinforcement material, at  is the 
thickness of adhesive bond line, sα  is the coefficient of thermal expansion for substrate 
material, pα  is the coefficient of thermal expansion for patch or reinforcement material, 
TΔ  is the temperature change (Note that 0=ΔT for all cases considered). 
 
From the above equations, it is seen that the force transfer length is a function of the 
geometric and material properties of the steel substrate, the CFRP reinforcement, and the 
adhesive. Variations in these parameters affect both the force transfer length and the 
magnitude of force carried by the CFRP plates. Of all the parameters, the transfer rate is 
most sensitive to changes in bond-line thickness at  and CFRP plate thickness pt . It is 
important to note that the analysis does not include plastic behaviour of the adhesive. 
 
2.2.3.6 Effects of Bending and Peel in a Double Lap Joints 
 
Although there is no net bending moment on a symmetrical double-lap joint, as there is 
with a single-lap joint, because the load is applied through the adhesive to the adherend 
plates away from their neutral axes, the double-lap joint experiences internal bending, as 
shown in Figure 2.10. In a symmetrical double-lap, the centre adherend experiences no 
net bending moment, but the outer adherends bend, giving rise to tensile stresses across 
the adhesive layer at the end of the overlap where they are not loaded, and compressive 
stresses at the end where they are loaded as shown in Figure 2.10. 
 
 
 
 
 
 
 
 
 
Figure 2.10: Bending Moments Induced in the Outer Adherends of the 
Double Lap Joint (After Adams and Wake 1984) 
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Thus, a major consideration in double-lap joints is peel stresses. Due to local load 
eccentricities, (Figure 2.11), the resulting peel stresses induced in the adherend and 
adhesive can be substantial. A design chart which is shown in Figure 2.12 allows an 
estimate of the peeling stresses at the end of the joint. The important issues to note here is 
that, whilst the adhesive is relatively weak in tension, the inter-laminar strength 
properties of composite adherends are weaker still. In metal joints the failure mode is 
typically through cohesive peel whereas with composite adherends the typical failure 
mode is through inter-laminar fracture of the adherends, (Figure 2.13), (Heslehurst and 
Hart-Smith 2002). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11: Double Lap Joint Peel Stress Development 
(After Hart-Smith 1973c) 
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Figure 2.12: Double Lap Joint Peel Stress Design Chart 
(After Hart-Smith 1973c) 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13: Interlaminar Peeling Fracture of Composite Adherend in 
Adhesively Bonded Joint (After Heslehurst and Hart-Smith 2002) 
 
2.3 Hybrid Steel/FRP Beams 
 
2.3.1 Introduction 
 
Metals are often the materials of choice because of their excellent mechanical properties 
and durability. However, the performance of metals can be greatly compromised by 
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corrosion. Corrosion is defined as the deterioration of metals by environmental factors 
(Mercer 1990, Butler 1966). The service lifetime of most structures, from bicycles to 
bridges, from buckets to battleships, is limited by wet corrosion (Ashby and Jones 1980). 
 
The use of advanced composite materials for rehabilitation of deteriorating infrastructure 
has been embraced worldwide. The conventional techniques for strengthening of 
substandard bridges are costly, time and labour intensive. Many new techniques have 
tried to exploit the lightweight, high strength and corrosion resistant fibre reinforced 
polymer (FRP) laminates for repair and retrofit applications. The primary cause of such 
deterioration is loss of steel due to corrosion. Due to various conditions that accelerate 
corrosion, such as debris accumulation, the bottom flanges of girders are usually the sites 
of the largest corrosion. The flexural characteristics of steel bridge girders are shown to 
be improved through the application of various repair schemes to the bottom flange. 
Several investigations have focused on the case of single span girders where the bottom 
flange is subjected to tensile stress. The composite plates are typically attached to the 
corroded steel member using adhesive bonding, therefore the durability of the adhesive 
bond under the various conditions that are present in the field over time is a critical issue 
(Mertz, Gillespie 1996b). 
 
Thus, corrosion is among the major factors affecting the long-term serviceability of these 
types of bridges, particularly those located in cold regions where deicing salts and other 
aggressive chemicals are used. The reduction of the cross-sectional area of a bridge 
member caused by oxidation decreases the load-carrying capacity of that member. 
Corrosion can also occur as a result of galvanic action (Tavakkolizadeh Saadatmanesh 
2001). Any no-uniformity in the material can develop a corrosion cell and accelerate the 
deterioration process. The latter problem is more critical in connections and cover plates 
if different plate materials are used. 
 
In addition to corrosion, lack of proper maintenance and fatigue sensitive details are 
major problems in steel bridges. Furthermore, many of these bridges need to be upgraded 
to carry larger loads and more traffic. In the National Bridge Inventory (NBI) report, it 
was recommended that repair and retrofit option be considered before a decision is made 
LITERATURE REVIEW                                                                                                                     CHAPTER 2 
 
 2-31
Nikolaos K. Photiou
to replace a bridge (FHWA Bridge Program Group 2001). The cost for rehabilitation and 
repair in most cases is far less than the cost of replacement. In addition, repair and 
rehabilitation usually takes less time, reducing service interruption periods. Considering 
the limited resources available to mitigate the problems associated with steel bridges, the 
need for adopting new materials and cost- effective techniques is evident. 
 
The observation of fatigue cracking of steel bridges, especially in cold regions, has shown 
that old steel bridges have major fatigue problems. The lack of quality control of the 
welds, rivets and bores and the introduction of the large initial discontinuities are among 
the important issues affecting the fatigue live of these structures. The use of several low 
fatigue-resistant details by designers and the lack of knowledge in fracture mechanics has 
compounded this problem. The low temperature environments that most of these bridges 
are subjected to decrease the fracture toughness of steel and can cause brittle failure 
(Nara and Gasparini 1981). 
 
Finally, the dead weight of a bridge usually increases with time due to several factors. 
These may include the widening of the roadway, the addition of a bike lane or pedestrian 
walkway, resurfacing of the road, or increasing the grade to overcome the settlement of 
the aging bridge. Most of the conventional repair techniques can also increase the dead 
weight of the structure significantly. The extra dead weight will increase the stress level 
in all the members and intensify the problems stated above (FHWA Bridge Program 
Group 2000). 
 
2.3.2 Problem Statement 
 
CFRP plates or sheets with high tensile modulus can be epoxy bonded to the tension face 
of a steel member to enhance its strength and stiffness. By the additional CFRP sheet, the 
stress level in the original member will decrease, that in turn results in a longer fatigue 
life as well as increased static strength. During the past decade, there have been many 
studies on repair and retrofit of concrete girders with epoxy bonded FRP materials, 
however, very few studies have addressed the use of epoxy bonded plates or sheets for 
strengthening steel girders. 
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The traditional retrofit method for repairing corroded steel members is to attach steel 
plates to these members through bolts or welding. However, there are many 
disadvantages associated with this method, such as; (a) the procedure is labour intensive 
and time consuming, (b) it requires drilling and extensive lap splice detailing, (c) traffic 
must be closed for an uncertain period of time, (d) there is a potential for weld fatigue 
cracking at the cover plate ends, (e) increase in the weight of the members, which may 
lead to deficiency in the member capacity and increases in deflections. Also, the 
susceptibility of steel bridge members to chemical reaction with the environment 
(corrosion) is considered the primary cause of girder deterioration. Due to their low 
chemical reactibility composite materials do not suffer from this problem and a 
rehabilitation performed with composite materials would be less susceptible to future 
corrosion. Due to their flexible nature composite retrofits can be tailored to various field 
conditions such as over-extensively corroded members or riveted members. 
 
The concept for retrofitting corroded steel members with CFRP materials is to strengthen 
these members with laminates that are adhered to the steel surface with an epoxy paste. 
This method has many advantages, such as, (a) it is rather easy and simple to implement 
in the field, (b) traffic disruptions are maintained at minimum levels, (c) it is durable and 
(d) it may allow the full recovery of the stiffness and load capacity of the corroded 
members without exceeding significantly their initial weight (Nouredine 1996). These 
advantages typically offset the higher initial cost associated with CFRP materials. 
 
2.3.3 Previous Work 
 
The most commonly used techniques for rehabilitation of bridges are; (a) strengthening 
of members, (b) addition of members, (c) developing composite action, (d) producing 
continuity at the support, and (e) post-tensioning (Tavakkolizadeh and Saadatmanesh 
2003b). 
 
During the past decade, only a few studies have been reported on the use of FRP plates 
for strengthening steel beams. The significant difference in this approach is the need for 
higher-modulus composites. In this respect, CFRP is the only widely availably FRP 
suitable for this application. The possibility of using CFRP in repair of steel-concrete 
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composite bridge was investigated by Rajan, Liby and Mullins (2001), who tested a total 
of six specimens with yield strengths of 310  to MPa370 . For each yield strength, there 
were one control, one mm2  retrofit, and one mm5  retrofit beam. Each specimen was 
m10.6  long and consisted of a 248×W  steel section attached to a cm1.71  wide by 
cm5.11  thick concrete slab through welded shear connectors. The beams were loaded in 
flexure to yielding of their tension flanges and then were repaired with m65.3  long, 
cm15  wide, and either 2  or mm5  thick, epoxy-bonded CFRP laminates. Rajan, Liby and 
Mullins concluded that the CFRP laminates could considerably improve the ultimate 
capacity of the composite beams regardless of the yield strength of the steel. Average 
increases in the ultimate capacity of 11% and 50% were reported for 2  and mm5  CFRP 
laminates, respectively. They also emphasized the need for further research on the effect 
of moisture and humidity on the long-term durability of the system and the possibility of 
galvanic corrosion. 
 
In another study, Mertz and Gillespie (1996b) investigated the advantages of using 
advanced materials in the rehabilitation of deteriorated steel bridges. In their small-scale 
tests, they retrofitted eight m52.1  long 108×W  steel beams with a yield strength of 
MPa250  using five different retrofitting schemes. They reported an average 60% 
increase in strength for carbon-retrofitted specimens. They also concluded that in order to 
avoid the possibility of galvanic corrosion, an electrically insulating layer of composite, 
such as GFRP, could be placed between CFRP and steel. 
 
In a study conducted at Case Western Reserve University (Nara and Gasparini 1981) and 
the University of Maryland (Albrecht et al. 1984), adhesive bonding and end bolting of 
steel cover plates to steel girders provided a substantial improvement in the fatigue life of 
the system. By a more uniform stress transfer to the plate through the epoxy layer, stress 
concentrations were significantly reduced. The studies indicated that the use of adhesive 
bonding with end bolting could increase the fatigue life of the system by a factor of 20, 
compared to the traditional welded cover plates. 
 
Liu, Silva and Nanni (2001) tested a total of four 1412×W  girders. S&P laminates CFK 
200/2000 obtained from “Structural Composites Inc.” were chosen as the strengthening 
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materials. Loading of the girders was applied at their mid-span (i.e. three-point bending 
test). A typical compression machine was used for the load application. The total length 
of these girders was m75.2 , with the length between the two vertical supports of m44.2 . 
Test unit 1 was designed with no retrofit or notch to serve as the control test unit. Test 
unit 2 was designed with no FRP retrofit, but a 4 inch wide notch was introduced in the 
tension/bottom flange to simulate the severe loss of section due to corrosion. Tests unit 3 
and 4 were upgraded with mm100  wide CFRP laminate that covered the full length of the 
beam or one quarter of the beam length, respectively, to study the required bond length. 
 
Liu, Silva and Nanni concluded that an increase in stiffness and plastic load of corroded 
steel members can be achieved from the application of CFRP laminates to the tension 
flange of corroded steel members. In addition, preliminary analytical and experimental 
results indicated that notching of tension flanges to simulate the loss in steel area due to 
corrosion is viable for a proper study of corroded steel members retrofitted with FRP 
laminates. 
 
Miller et al. (2001) demonstrated the use of CFRP in the field by strengthening a steel 
girder in a slab-on-girder bridge in Delaware. The strengthened girder (G5) was part of 
the northern approach span, which was designed non-compositely with a length of m5.7 . 
Recorded strains in the main girders indicated that girder (G5) was subjected to the 
largest live load stress range. This girder was strengthened using mm3.5  thick CFRP 
plate bonded to the tension flange. To evaluate the effectiveness of the strengthening 
scheme, diagnostics load tests were performed before and after the application of the 
CFRP plates. Comparison of the strain on the inner face of the tension flange for the pre 
and post load tests revealed a reduction of 11.6% in strain (i.e. an increase of 11.6% in 
flexural stiffness). 
 
In a study conducted at the University of Arizona, effectiveness of the epoxy bonding of 
the CFRP laminate, to intact and damaged steel-concrete composite girders for the 
strengthening and repair, was investigated (Tavakkolizadeh and Saadatmanesh 2003a, b). 
A total of six composite beams made with 6.13355×W  steel section and a mm75  thick 
by mm910  wide concrete slab were tested. They reported that the CFRP sheets could 
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significantly increase the ultimate load carrying capacity of the intact girders and restore 
the ultimate load carrying capacity and stiffness of damaged composite girders. Also 
Tavakkolizadeh and Saadatmanesh (2003c) presented the results of a study on the 
retrofitting of notched steel beams with CFRP patches for medium cycle fatigue loading 
(stress ratio 1.0=R ). A total of 21 specimens made of 5.4127×S  36A  steal beams were 
prepared and tested. Un-retrofitted beams were also tested as control specimens. The steel 
beams were tested under four point bending with the loading rate of between 5 and 10 
Hz. Different constant stress ranges between 69 and MPa379  were considered. The 
length and thickness of the patch were kept the same for all the retrofitted specimens. In 
addition to the number of cycles to failure, changes in the stiffness and crack initiation 
and growth were monitored during each experiment. The results showed that the CFRP 
patch not only tends to extend the fatigue life of a detail more than three times, but also 
decreases the crack growth rate significantly. 
 
Abdullah et al. (2004) developed an experimental program consisting of two undamaged 
steel composite beams and four steel composite beams that were damaged by removing 
part of their bottom flange to simulate field corrosion, then repaired by adding the CFRP 
plate to restore the composite beam to its original strength. The steel beams 158×W  
( 36A ) were m4.3  long with yield and tensile strength MPa364  and MPa496  
respectively. Strengthening and repair of the beams was accomplished by using 
unidirectional pultruded CFRP plates with a 70% fibre volume fraction. These particular 
CFRP plates are only available at mm4.1  thick, and either mm51  or mm102  wide. 
Bonding of the CFRP plates to the steel beams was achieved through the use of a 100% 
solid, high modulus, high strength, and moisture insensitive epoxy system designed for 
bonding carbon fibre laminates to most building materials. The tensile strength and the 
ultimate elongation of the epoxy were MPa9.68  and 2% respectively. The steel beams 
were tested under four point bending static loading. All tests were load controlled, and 
data were recorded at a load increment of kN2.2 . The test results showed a significant 
increase in the strength and stiffness of the repaired beams. Specifically, through the use 
of CFRP plates, all the damaged beams were fully restored to their original (undamaged 
state) strength. 
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2.3.4 Galvanic Corrosion 
 
Corrosion has been defined as ‘‘degradation of a metal by an electrochemical reaction 
with its environment’’ (Trethewey and Chamberlain 1988). 
 
The use of carbon-fibre composites with steel structures requires a thorough 
understanding of the phenomenon of galvanic corrosion. In theory, as long as two 
materials are not in contact with each other, a corrosion cell will not initiate. However, in 
case of direct contact between carbon fibres and steel in the presence of an electrolyte, 
the wet corrosion cell could accelerate the corrosion of steel and create possible blistering 
and subsequent delamination or debonding. 
 
Tucker and Brown (1989) studied the possibility of galvanic corrosion for graphite-epoxy 
and graphite-vinyl ester composites directly coupled with mild steel in seawater. The 
graphite-vinylester specimens were cm3.20  long by mm13  wide by mm5.9  thick. The 
graphite/epoxy specimens were cm214  long by mm13  wide by mm4.6  thick. They 
reported a significant blistering in vinylester-based composites after 6 months. These 
blisters occurred in a regular pattern that coincided with the fibreglass tows used in the 
graphite fabric. They noted that the epoxy-based composites did not show any sign of 
blistering due to the absence of glass tows or the use of epoxy (nonhydrolyzable matrix). 
They concluded that the diffusion of water into the composite and migration of water-
soluble molecules within the composite were the main reasons for the initiation of 
blisters, and the osmotic pressure caused continuous growth of the blisters. 
 
Sloan and Talbot (1992) investigated the galvanic coupling of graphite/epoxy composites 
and magnesium in seawater. All specimens were cut from a 26-ply 300−T  graphite 
epoxy laminate with two fibreglass surface plies. Specimens were then cut into 
mm6.31390 ×× coupons. In order to measure the effect of galvanic corrosion on the shear 
strength, four-point bending tests were performed with span-to-depth ratio of 2 to ensure 
inter-laminar shear failure. Sloan and Talbot observed a 30% decrease in the shear 
strength of the composite coupled with magnesium after 140 days of exposure to 
seawater. They concluded that, in a marine environment, no epoxy that contains 
hydrolysable linkage such as ester bonds should be used where metal coupling could be 
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likely. They also suggested that the simplest way to prevent galvanic coupling is 
electrical isolation of carbon fibres and metal by using organic fibre plies and sealer 
coatings. 
 
Cetin et al. (1998) investigated the corrosion of rebars in reinforced concrete members 
with externally bonded CFRP in seawater. In addition to testing Forca C1-30 carbon 
fibres, they also tested solid graphite rods that had no sizing agents. Sizing agents are 
chemical compounds that are mainly applied to the surface of the fibres during 
manufacturing in order to protect them during handling and to enhance the fibre-matrix 
adhesion. Grade60 rebar was also used in their study. They conducted separate 
polarization tests on graphite rods, carbon fibres, and steel rebars. It was observed that the 
corrosion rate of graphite rod was 10 times higher than that of the carbon fibres. An 
attempt to remove the sizing agents from the surface of the fibres using acetone and 
ultrasonic cleaner was not very successful, and the corrosion rate of fibres remained 
lower than the graphite rod as a result of the presence of sizing agents on the surface of 
fibres. After considering the coupling effect, they concluded that while the steel rebar 
showed accelerated corrosion in the presence of the graphite rod, the sizing agents on 
carbon fibres decreased the galvanic corrosion rate significantly. 
 
Finally, Tavakkolizadeh and Saadatmanesh (2001) presented the result of a study on the 
galvanic corrosion between CFRP laminates and steel. A total of 38 specimens made of 
mm2020×  mild mm6  thick ( 36A ) steel plate and mm2020×  unidirectional fibres 
( /12300 KT −− sticky style) were prepared and tested. Two simulated aggressive 
environments and three different amounts of epoxy coating were used in addition to 
samples with no coating at all. Furthermore, the effect of the sizing agent on the galvanic 
corrosion rate was investigated, and three different solvents were used to remove the 
sizing agents from the surface of the carbon fibres. Potentiodynamic polarization and 
galvanic corrosion tests were conducted. Test results of the experiments showed the 
existence of galvanic corrosion when there is a direct contact between a CFRP laminate 
and steel substrate. However, the rate of such corrosion could be decreased significantly 
by epoxy coating. 
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Chapter 3 Adhesive Joints 
 
3.1 Preliminary Investigation and Parameter Selection 
 
3.1.1 Introduction 
 
This section will describe the development of the adhesive joints design which were 
fabricated and tested during this study. The bonding characteristics of structural 
adhesives, including an adhesive film currently under development and conventional two-
part epoxies, both compatible for use with an advanced carbon fibre prepreg composite 
material, specifically manufactured for the civil engineering industry, will be compared. 
Tension experiments have been undertaken on single strap joints in which two steel 
members in the same plane are joined, on one side of the discontinuity, to a CFRP plate 
using the above bonding systems. Similar tests have also been performed on double butt 
joints, in which two CFRP plates are bonded to the steel plates, one each side. The results 
for single butt joints are contrasted with those for double butt joints, where out-of-plane 
bending effects are significantly reduced. 
 
Strains were measured to provide information on the longitudinal profiles over a chosen 
bond length on both the steel and composite material adherends and on the load transfer 
mechanism across the two adherends; the overall extensions of the joints were also 
measured. The thickness of the two-part adhesives was varied between mm1.0  and mm1 , 
whereas for the adhesive film the application of one or two layers was investigated. In 
general, three nominally identical specimens were tested for each case. 
 
Several failure mechanisms were observed, these were generally a mixture of cohesive 
failure within the adhesive, adhesive failure at the bondline with either the steel or CFRP 
adherend, and composite delamination; yielding of the steel also occurred in a few 
samples. The work is part of the research programme reported in this thesis to develop 
and quantify methods for the upgrading of steel structures using advanced polymer 
composite material systems. 
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3.1.2 Materials and Adhesives Characterisation 
 
3.1.2.1 Materials Used 
 
The Advanced Polymer Composites (APC) materials used in this project were all prepreg 
materials manufactured and supplied by ACG (Advanced Composites Group Ltd., 
Heanor Gate Industrial Estate, Derbyshire, DE75 7SI). A prepreg (or pre-impregnated) 
material is a product which consists of fibres that have been coated in a resin matrix 
material. The resin is not fully cured to allow flexibility of the material to mould and 
shape it as required before finally curing at a specified temperature. The fibres can be 
manufactured from glass, carbon or aramid and can exist in a number of different forms 
to provide the reinforcement for the matrix. Examples for glass fibres includes chopped 
fibres, chopped strands, chopped strand mats, woven fabrics, stitched and surface tissue 
(Hollaway, 1993). The matrix material can differ, with common thermosetting polymers 
used in prepreg materials being Vinyl ester, Epoxy and Phenolic resins. The curing 
temperature of the resin can also vary, depending on its type and chemical composition. 
Common prepreg materials utilised in the aerospace, automotive and nautical industries 
have curing temperatures greater than 120ºC (Tsotsis et al. 2001, ACG 2004). 
 
One resin system (epoxy) and two types of fibres (glass and carbon) have been utilised in 
this project. The resin system was a low temperature curing epoxy resin (minimum cure 
temperature of 65ºC) with a glass transition temperature (Tg) of approximately 10ºC 
more than curing temperature. The material can be post cured at temperatures higher than 
the cure temperature and the glass transition temperature will continue to advance 10ºC 
above the cure temperature up to a maximum of 140ºC. Once fabricated the material must 
be stored at a temperature of -20ºC to avoid polymerisation. The out-life of the material 
was greater than two weeks; the out-life being the period of time in which the prepreg 
remains flexible and useable whilst at room temperature. This relatively long out-life and 
low curing temperature were the result of developments by the supplier to produce a 
material suitable for civil engineering applications. These criteria were regarded as being 
important when initial ideas for the project were being formulated. Fabricating structures 
onsite with APC materials would require heating equipment and as such a lower cure 
temperature would reduce the energy requirements. Furthermore, the long out-life (of 
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over two weeks) should reduce the need for onsite refrigeration equipment during 
fabrication and consequently reduce associated costs. 
 
Three types of prepreg materials have been characterised in this study; (i) a high modulus 
unidirectional (UD) carbon fibre reinforced polymer, (ii) an ultra- high modulus 
unidirectional (UD) carbon fibre reinforced polymer, (iii) a ±45º glass fibre reinforced 
polymer (GFRP). 
 
3.1.2.2 Test Results and Mechanical Properties of the Materials Used 
 
Three types of adhesives were used in the investigation, (a) a typical thixotropic epoxy 
resin adhesive, widely used in the construction industry, (Sikadur 31, a product of Sika, 
Ltd. Welwyn Garden City, Herts), (b) an adhesive which is used in the aerospace industry 
for high grade bonding applications (3M9323) epoxy resin, (a product of 3M, Bracknell, 
UK), (c) an adhesive film (EF5402/PK13 an epoxy resin film, a product of Advanced 
Composites Group Ltd. Derbyshire). The first two adhesive materials are two-component 
systems; their mechanical properties are given in Table 3.1. The adhesive film, whose 
typical thickness is about 110-120 microns, was made from a low temperature curing 
resin system (65ºC), suitable for civil engineering applications. The mechanical 
properties for the film adhesive are: Tensile Strength MPa32 , Elastic Modulus GPa5.3 , 
Poisson Ratio 0.37 and Ultimate Strain 0.86%. 
Table 3.1: Mechanical Properties of Sikadur31 and 3M9323 
Type of adhesive Sikadur31 3M9323 
Colour  Grey Purple 
Density kg/litre 1.5 - 
Tack Free 12 hours (at 20oC) 2 hours and 30 minutes 
Shrinkage Negligible Negligible 
Tensile Strength N/mm2 14.8 43 (at 23oC) 
Flexural Strength N/mm2 36 - 
Compressive Strength N/mm2 70-90 >200 (at 23oC) 
Shear Strength N/mm2 21 36.2 (at 23oC) 
Elastic Modulus N/mm2 6867-7358 2100 (at 23oC) 
Adhesion to grit blasted steel N/mm2 14 Excellent 
Application Range Rapid    0
oC to 15oC 
Normal 5oC to 30oC -55
oC to 82oC 
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Tensile testing was undertaken to determine the ultimate failure stress and strain of the 
individual materials (Steel plates, CFRP, GFRP). All testing was undertaken on coupon 
specimens and in accordance with ASTM D3039M (1995). The dimensions of these 
coupon specimens are given in Figure 3.1. Initially, a plate was manufactured with 
different plies for each material and then cut to the correct coupon dimensions (see Figure 
3.1) with a water-cooled diamond tipped saw. Aluminium end tabs were then attached to 
each end using a two part (3M9323/2) epoxy resin, which was allowed to cure for 24 
hours. Before bonding, one face of the aluminium (the face which was to be bonded) and 
the corresponding length of coupon were roughened with emery paper and cleaned with 
acetone to ensure a good bond was achieved. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Schematic Representation of the Coupon Specimen Used in the Longitudinal Tensile Testing 
 
Three specimens of each of the materials were tested but only one was gauged of each 
with longitudinal and transverse mm8  electrical resistance strain gauges (Showa N11-
FA-1-120-11). This was undertaken to determine the longitudinal stiffness and Poisson’s 
ratio of the materials. The coupons were tested in tension using an Instron model 1185. 
The load was applied at a minimum constant rate of min/5.0 mm  in accordance with the 
mm50  
mm50  
mm150  
mm25
Position 
of strain 
gauges 
on each 
side of 
coupon mm50 mm50mm150
Aluminium end tabs 
Not to scale 
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aforementioned ASTM D3039M (1995) which states that failure should occur between 1 
and 10 minutes. The load and strain were continuously recorded using an Orion data 
logger and a Schlumberger SI3531D acquisition data system. 
 
The thin steel plates used in the strap joints had thicknesses of mm5.1  and mm3 , with a 
0.2% proof stress of 560 and MPa700  respectively; the limit of proportionality was 
approximately at 430 and MPa550 . Figures 3.2 and 3.3 show plots of the axial and 
bending stress-strain curves, in longitudinal ( x ) and transverse direction ( y ) 
respectively. The axial strain is the average of the two values obtained from the two strain 
gauges (one on each face) where the bending is half the difference between the two 
values. 
 
 
 
 
 
 
 
Figure 3.2: Stress-Strain Curve for Steel Plate with 1.5 mm Thickness 
 
 
 
Figure 3.3: Stress-Strain Curve for Steel Plate with 3.0 mm Thickness 
0
50
100
150
200
250
300
350
400
450
500
550
600
-2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Micro Strain
St
re
ss
 (M
Pa
)
εax
εbx
εay
εby
0
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
-4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Micro Strain
St
re
ss
 (M
Pa
)
εax
εbx
εay
εby
ADHESIVE JOINTS                                                                                                                            CHAPTER 3 
 
 3-6
Nikolaos K. Photiou
Two types of carbon fibre/polymer composite prepreg materials were used in this study. 
First a high modulus unidirectional (UD) carbon fibre reinforced polymer (VTM/266 
carbon/epoxy) with fibre volume fraction 52% and ply thickness of mm6.0 . The results 
from tensile testing are given in Table 3.2. Figure 3.4 shows plots of axial stress-strain 
curves, in longitudinal direction ( x ) only (Hulatt 2002). 
Table 3.2: Mechanical Properties of High Modulus VTM/266 UD CFRP 
 Specimen 
No. 
Maximum 
Stress 
(MPa) 
Maximum 
Axial Strain 
Modulus of Elasticity 
(GPa) 
Poisson 
ratio 
01 2083.6 16383.0 136.0 
02 2124.8 16130.0 132.0 
03 2119.5 15239.0 138.0 
2-Layer CFRP 
(High) 
Thick.=1.2mm 
Average 2109.3 15917.0 135.3 0.28 
 
 
 
 
 
 
Figure 3.4: Stress-Strain Curve for High Modulus VTM/266 UD CFRP (After Hulatt 2002) 
 
Secondly, An ultra-high modulus unidirectional (UD) carbon fibre reinforced polymer 
(VTM/264 carbon/epoxy) with fibre volume fraction 54% and ply thickness of mm3.0 . 
The corresponding results are given in Table 3.3. Figure 3.5 shows plots of the axial and 
bending stress-strain curves, in longitudinal ( x ) and transverse direction ( y ) 
respectively. 
Table 3.3: Mechanical Properties of Ultra-High Modulus VTM/264 UD CFRP 
 Specimen 
No. 
Maximum 
Stress 
(MPa) 
Maximum 
Axial Strain 
Modulus of Elasticity 
(GPa) 
Poisson 
ratio 
01 956.4 3616.0 261.5 
02 1269.2 4615.2 279.5 
03 1136.8 4286.3 269.2 
4-Layer CFRP 
(Ultra-High) 
Thick.=1.2mm 
Average 1120.8 4172.5 270.1 0.32 
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Figure 3.5: Stress-Strain Curve for Ultra-High Modulus VTM/264 UD CFRP 
 
Finally, a ±45º glass fibre reinforced polymer (VTM/264 glass/epoxy) with fibre volume 
fraction 50% and ply thickness of mm4.0 . The results are given in Table 3.4 whereas 
Figure 3.6 shows plots of the axial and bending stress-strain curves, in longitudinal ( x ) 
and transverse direction ( y ) respectively. 
Table 3.4: Mechanical Properties of VTM/264 GFRP 
 Specimen 
No. 
Maximum 
Stress 
(MPa) 
Maximum 
Axial Strain 
Modulus of Elasticity 
(GPa) 
Poisson 
ratio 
01 202.9 16298.9 17.8 
02 218.6 17666.5 15.5 
03 224.3 18217.6 15.6 
2-Layer GFRP 
Thick.=0.8mm 
Average 215.2 17394.3 16.3 0.15 
 
 
 
 
Figure 3.6: Stress-Strain Curve for VTM/264 GFRP 
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3.1.3 Finite Element Study 
 
3.1.3.1 Introduction 
 
Since the 1970’s, finite element methods (FEM) have increasingly been used to analyse 
many different engineering problems. The contributions of computers and more 
specifically the introduction of finite element design and analysis software packages, 
which can solve almost all types of linear and non-linear analysis problems, was of great 
importance. The computational approach is now considered a necessity and a cost 
effective tool for obtaining simulations, validating analytical solutions and hence creating 
a better understanding of stress and strain variations. 
 
The numerical analysis of the adhesive joints examined in this investigation was regarded 
as an important step in exploring the behaviour of metal/FRP systems before planning the 
experimental beam testing programme. Consequently, a finite element (FE) model was 
developed so that the performance of the adhesive joints could be studied before the joint 
was fabricated. 
 
In view of the above advantages that finite analysis modelling can accord, a 2D finite 
element model was created in order to analyse the behaviour of single and double strap 
joints under tensile loading. The adhesive and the adherends were assumed to behave as 
linear elastic materials. A finite element model was also created in order to study 
parametrically the effect of adhesive thickness. Specifically, the difference between the 
two different models, was the adhesive thickness, i.e. mm5.0  and mm1.0  respectively. In 
addition, FE was used to obtain stress profiles that can be compared qualitatively with 
experimental results. 
 
3.1.3.2 Development of Finite Element Model 
 
In a FE model, the first step is to discretise the geometry of the structure using an 
assembly of finite elements. Each finite element represents a discrete portion of the 
physical structure. These elements are to be the joined by shared nodal points, which are 
used to create the mesh of the model. The stress and strain at each nodal point of each 
element can then be readily calculated. 
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The analysis of a model is split up into a number of stages; this is shown 
diagrammatically in Figure 3.7. The use of ABAQUS CAE was a useful way in which the 
geometry of the structure could be readily visualised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Diagrammatic Representation of the Analysis Procedure 
 
The initial step is to generate the section geometry. In the case of the adhesive joints 
utilised in this study, a linear two-dimensional plane strain analysis with isotropic 
materials was investigated using ABAQUS version 6.2 and 6.3 (ABAQUS 2002). 
 
Adhesively bonded joints can be classified generally under four main types; these are the 
double-lap joints, the single-lap, the scarf joints, and the stepped-lap joint. This study 
deals only with Single-Strap Joint (SSJ) and with Double-Strap Joint (DSJ). 
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Previous work on joint analysis has focused on the load carrying capacity of each joint 
configuration with regard to the principal failure modes. Adhesively bonded joints can be 
categorized into the three fundamental pairs shown in Figure 3.8. The joint will either fail 
by adherend fracture, cohesive fracture in the adhesive or interfacial adhesive fracture. 
Figure 3.8: Adhesively Bonded Joints Failure Modes (After Heslehurst, Hart-Smith 2002) 
 
The schematic geometry of the single-strap specimen is shown in Figure 3.9, where 
mml 105= , mmc 3002 = , mmti 5.1= , mm5.01.0 −=η  for Sikadur31 epoxy adhesive 
and mmto 2.1=  CFRP. The two clamped ends are mm55  long. 
 
 
 
 
 
Figure 3.9: Schematic Representation of a Single-Strap Joint (Not to Scale) 
 
The schematic geometry of the double-strap specimen is shown in Figure 3.10, where 
mml 105= , mmc 3002 = , mmti 3=  or mmti 5.1= , mm5.01.0 −=η  for Sikadur31 epoxy 
adhesive and mmto 2.1=  or mmto 6.0=  per side. The two clamped ends are mm55  long. 
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Figure 3.10: Schematic Representation of a Double-Strap Joint (Not to Scale) 
 
Four-node bilinear plane strain quadrilateral elements with four integration points and 
two degrees of freedom in translation (in the x  and y  direction) were employed (Figure 
3.11) in the FE analysis. 
 
 
 
 
 
 
 
 
Figure 3.11: Plane Strain Element 
 
The material and geometric parameters used in the FEM are shown in Table 3.5. 
Table 3.5: Materials and Geometric Parameters 
Type of Joint Single-Strap Joint Double-Strap Joint 
Materials 
Young’s 
Modulus 
E (GPa) 
Poisson’s 
Ratio 
ν 
Mass 
Density 
(kg/m3) 
Thickness 
t 
(mm) 
Young’s 
Modulus 
E (Gpa) 
Poisson’s 
Ratio 
ν 
Mass 
Density 
(kg/m3) 
Thickness 
t 
(mm) 
Steel Plate 
Grade 43 205 0.3 7800 1.5 205 0.3 7800 3.0 
CFRP Plate 
VTM/266/UM 137 0.34 1250 1.2 137 0.34 1250 
0.6 
Per Side 
Adhesive 
Sikadur31 7 0.3 1400 0.5, 0.1 7 0.3 1400 0.5, 0.1 
 
In order to reduce the number of elements in the various models, a relatively coarse mesh 
was generally used along the length (i.e. in the x -direction) of the models but the mesh 
was refined in regions where the stress gradients were expected to be high. The regions 
with the different levels of mesh are schematically depicted in Figure 3.12 and the related 
P 
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mesh parameters are given in Table 3.6. As a result, the element aspect ratios in the 
adherends were in the range of 1:3 to 1:8 in Region 1 and 1:2 to 1:4 in Region 2. The 
adhesive layer exhibited ratios of up to 1:20 in Region 1 but no more than 1:10 in Region 
2, which includes the edge and central discontinuity. 
 
 
 
 
 
 
 
 
 
 
Figure 3.12: Element Dimensions for the Single and Double Strap Joints (Not to Scale) 
 
Table 3.6: Element Dimensions 
Element Length (mm) Element Width (mm) 
Steel Adhesive CFRP 
Region 1 Region 2 t (mm) 
1.5 
t(mm) 
3.0 
t (mm) 
0.1 
t (mm) 
0.5 
t (mm) 
0.6 
t (mm) 
1.2 
0.5 0.25 0.125 0.125 0.025 0.0625 0.075 0.15 
 
Boundary conditions and loading are depicted in Figure 3.13. The boundary conditions 
used simulate those encountered in the tensile test. This was done by completely fixing 
the x  and y  displacements and the rotation in the x  and y  plane on left hand end 
(Encastre) (see Figure 3.13a) of the joint and allowing displacements to take place in x  
direction but retaining fixity in the y  direction (roller) at the right hand end of the joint. 
Hence, there is strictly no mid-point symmetry (see Figure 3.13b). Note that at the right 
hand end, the y  displacement was suppressed over a small (finite) length in order to 
better simulate the extension of the specimen in the test rig. A distributed (end pressure) 
load of kN12  for the single-strap joint and kN30  for the double-strap joint, was applied 
to the right hand side. It is noted that since this is a linear elastic analysis the strains, 
stresses and displacements for any given load value can be obtained from the results 
presented here in by simple factorisation. 
 
 
mm40  mm70 mm5.20  mm80mm70 mm35mm5.20  mm35  mm40  
Region 1 Region 2 
2
1
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Figure 3.13: Boundary Conditions and Loading 
 
3.1.3.3 Presentation of FE Results 
 
The relevant response parameters from the FE model described above are in-plane, 
normal and shear stresses, i.e. 11σ , 12σ , 22σ  (see Figure 3.12 for coordinate axes). Two 
different sets of models were created; each of the models considered a different adhesive 
thickness, namely mm5.0  and mm1.0 , all others features and parameters being kept 
constant. Typical profiles with mm5.0  and mm1.0  adhesive thickness for single and 
double strap joints are discussed and presented in this chapter. 
Figure 3.14: Schematic Presentation of Stress Profiles for Single-Strap Joint 
 
In order to get a better understanding, regarding the manner in which stresses change 
longitudinally and transversely a number of profiles-sections shown in Figures 3.14 and 
3.15, have been extracted from the FE analysis. The letter T represent a profile in the 
transverse direction and the letters L, C and R represent profiles along the longitudinal 
direction. 
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Figure 3.15: Schematic Presentation of Stress Profiles for Double-Strap Joint 
 
As can be seen from Figures 3.14 and 3.15, there are four transverse and between ten to 
twenty longitudinal profiles, for each of which three stress types can be plotted ( 11σ , 12σ , 
22σ ). The single and double strap joint stress profiles with 1.0  and mm5.0  adhesive 
thickness in the transverse direction (T2 and T3) are presented in Figures 3.16 to 3.39; 
however the full set of the results have been produced. In all these Figures, the x  axis 
represents the distance from the top steel surface to the bottom CFRP surface (single-
strap joints) or from the top CFRP surface to the bottom CFRP surface (double-strap 
joints). 
 
 
Figure 3.16: Single Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T2 for σ11 
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Figure 3.17: Single Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T2 for σ11 
 
Figure 3.18: Double Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T2 for σ11 
 
 
 
Figure 3.19: Double Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T2 for σ11 
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Figure 3.20: Single Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T3 for σ11 
 
 
Figure 3.21: Single Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T3 for σ11 
 
 
 
Figure 3.22: Double Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T3 for σ11 
-1600
-1400
-1200
-1000
-800
-600
-400
-200
0
200
400
600
800
1000
1200
1400
1600
1800
2000
2200
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Distance (mm)
St
re
ss
 (M
Pa
)
IP 2
IP 4
2
43 
1 
-1800
-1600
-1400
-1200
-1000
-800
-600
-400
-200
0
200
400
600
800
1000
1200
1400
1600
1800
2000
2200
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
Distance (mm)
St
re
ss
 (M
Pa
)
IP 2
IP 4
2
43 
1 
-200
0
200
400
600
800
1000
1200
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
Distance (mm)
St
re
ss
 (M
Pa
)
IP 2
IP 4
2
43 
1 
ADHESIVE JOINTS                                                                                                                            CHAPTER 3 
 
 3-17
Nikolaos K. Photiou
 
 
 
Figure 3.23: Double Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T3 for σ11 
 
From the Figures above it can be seen that the stress distributions for the single and 
double-strap joints are very similar between the different thicknesses. The model with 
thickness mm1.0  has higher stress values than the model with thickness mm5.0 . From 
Figures 3.16 and 3.19 it can be seen that the stress distribution in the transverse direction 
at the edge of the overlap has higher values in the steel than the adhesive and CFRP 
where the stress values are close to zero. The exact opposite situation exists in Figures 
3.20 and 3.23 near the discontinuity when the stress values for the adhesive are very 
small and for the CFRP are high. This occurs due to the load transfer from the steel via 
adhesive to the CFRP. As expected, an axis of symmetry exists along the y  axis for the 
double-strap joint. This is illustrated in Figures 3.18, 3.19 and 3.22, 3.23. 
 
The shear stress distribution in the transverse direction at the edge and the middle of the 
overlap is shown in Figures 3.24 to 3.31. Again, the model with thickness mm1.0  have 
higher stress values than their counterparts with thickness mm5.0 . For single-strap joints 
the values are high in the steel; at the interface between steel and adhesive the values are 
negative. Finally, in the CFRP area the values are zero. This occurs due to bending which 
exists in the specimen due to non-symmetry along the x  axis of the specimen. The same 
situation exists in the double-strap joint, but because of the smaller amount of bending 
due to joint symmetry, it is affected to a much lesser degree. In addition, from Figures 
3.28 to 3.31 it can be seen that the shear stress values are zero in the steel and increase in 
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the adhesive and CFRP. Again, the double-strap joint displays symmetry along the y  
axis. 
 
Figure 3.24: Single Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T2 for σ12 
 
Figure 3.25: Single Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T2 for σ12 
 
 
Figure 3.26: Double Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T2 for σ12 
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Figure 3.27: Double Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T2 for σ12 
 
 
Figure 3.28: Single Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T3 for σ12 
 
 
Figure 3.29: Single Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T3 for σ12 
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Figure 3.30: Double Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T3 for σ12 
 
 
Figure 3.31: Double Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T3 for σ12 
 
 
Figure 3.32: Single Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T2 for σ22 
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Figure 3.33: Single Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T2 for σ22 
 
 
Figure 3.34: Double Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T2 for σ22 
 
 
Figure 3.35: Double Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T2 for σ22 
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Figure 3.36: Single Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T3 for σ22 
 
 
Figure 3.37: Single Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T3 for σ22 
 
 
Figure 3.38: Double Strap Joint - Adhesive Thickness 0.1 mm Transverse Stress Profile T3 for σ22 
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Figure 3.39: Double Strap Joint - Adhesive Thickness 0.5 mm Transverse Stress Profile T3 for σ22 
 
The peel stress distribution in the transverse direction at the edge and the middle of the 
overlap is shown in Figures 3.32 to 3.39. 
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zero in the steel; at the interface between steel and adhesive they take the maximum 
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interface between adhesive and the CFRP than the interface between steel and adhesive 
(see Figures 3.36 and 3.37). 
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the specimen causing the CFRP adherends to move towards each other (see Figures 3.38 
and 3.39). 
 
The stress profiles with 1.0  and mm5.0  adhesive thickness in the longitudinal direction 
(L2, C2) for single-strap joint and (L4, C4) for double-strap joint are presented in Figures 
3.40 to 3.63; between the interface steel and adhesive. In all these Figures the x  axis 
represents the distance from the edge of the overlap on the left hand side towards the 
centre (L stress profiles). For C stress profiles the position 10=x  coincides with the 
central discontinuity and the axis is extended by mm10  on either side. 
 
 
Figure 3.40: Single Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile L2 for σ11 
 
 
Figure 3.41: Single Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile C2 for σ11 
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Figure 3.42: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile L2 for σ11 
 
 
Figure 3.43: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C2 for σ11 
 
 
Figure 3.44: Double Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile L4 for σ11 
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Figure 3.45: Double Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile C4 for σ11 
 
 
Figure 3.46: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile L4 for σ11 
 
 
Figure 3.47: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C4 for σ11 
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Figures 3.40 to 3.47 show the stress profiles for the single and double-strap joints with an 
adhesive thickness of 1.0  and mm5.0 , for the interface between the steel and the 
adhesive. It may be seen that in single-strap joints (Figures 3.40 and 3.42) the uniform 
tensile load in the adhesive away from the edge discontinuity is of a low value and rises 
to a peak at the end of the overlap. The equivalent values for the double-strap joint are 
shown in Figures 3.44 and 3.46. A similar observation can be made with regard to the 
central discontinuity (Figures 3.41, 3.43, 3.45 and 3.47). The longitudinal profiles 
(Figures 3.40 to 3.47), suggest that stresses become higher as the adhesive thickness 
becomes smaller in the region of the left hand side discontinuity. Conversely, stresses 
become lower as the adhesive thickness becomes smaller in the region of the central 
discontinuity. 
 
Figures 3.48 to 3.55 show the shear stress profiles for the single and double-strap joints 
with an adhesive thickness of 1.0  and mm5.0 , for the interface between the steel and the 
adhesive. From Figures 3.48 to 3.51 it can be seen that for single-strap joints the 
longitudinal shear stress is maximum in the region of the left hand side and central 
discontinuity, and minimum between them, as predicted by Volkersen’s (1938) analysis 
(see Figure 2.4b). The equivalent values for the double-strap joint are shown in Figures 
3.52 to 3.55. The longitudinal profiles from these Figures are schematically similar with 
the results predicted for the elastic zone (Figures 2.5 and 2.6) by Maxwell and Bond 
(1999). The difference in sign between the single and double-strap results occurs due to 
symmetrically opposite position of the longitudinal profiles (see Figures 3.14 and 3.15). 
 
Figure 3.48: Single Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile L2 for σ12 
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Figure 3.49: Single Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile C2 for σ12 
 
 
Figure 3.50: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile L2 for σ12 
 
 
Figure 3.51: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C2 for σ12 
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Figure 3.52: Double Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile L4 for σ12 
 
 
Figure 3.53: Double Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile C4 for σ12 
 
 
Figure 3.54: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile L4 for σ12 
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Figure 3.55: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C4 for σ12 
 
 
Figure 3.56: Single Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile L2 for σ22 
 
 
Figure 3.57: Single Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile C2 for σ22 
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Figure 3.58: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile L2 for σ22 
 
 
Figure 3.59: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C2 for σ22 
 
 
Figure 3.60: Double Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile L4 for σ22 
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Figure 3.61: Double Strap Joint - Adhesive Thickness 0.1 mm Longitudinal Stress Profile C4 for σ22 
 
 
Figure 3.62: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile L4 for σ22 
 
 
Figure 3.63: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C4 for σ22 
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Figures 3.56 to 3.63 show the peel stress profiles for the single and double-strap joints 
with an adhesive thickness of 1.0  and mm5.0 , for the interface between the steel and the 
adhesive. From Figures 3.56 to 3.59 it can be seen that for single-strap joints, the peel 
stress is maximum in the region of the left hand side and central discontinuity, and 
minimum between them, as predicted by Goland and Reissner (1944) analysis (see Figure 
2.4e). The corresponding values for the double-strap joint are shown in Figures 3.60 and 
3.63. These profiles are similar with those showing in Figure 2.10 predicted by Adams 
and Wake (1984). 
 
Finally, the profiles for all three stresses ( 11σ , 12σ , 22σ ) for a mm5.0  adhesive thickness 
in the longitudinal direction (C3) for single-strap joint and (C8) for double-strap joint are 
presented in Figures 3.64 to 3.69; these are at the interface between adhesive and CFRP. 
The trends are similar to those presented and discussed above. However, the curves tend 
to be smoother at the position of the central discontinuity, possibly as a result of the 
distance of the interface from the gap being greater. 
 
 
Figure 3.64: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C3 for σ11 
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Figure 3.65: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C8 for σ11 
 
 
Figure 3.66: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C3 for σ12 
 
 
Figure 3.67: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C8 for σ12 
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Figure 3.68: Single Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C3 for σ22 
 
Figure 3.69: Double Strap Joint - Adhesive Thickness 0.5 mm Longitudinal Stress Profile C8 for σ22 
 
3.2 Experimental Investigation of Adhesive Joints 
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The fabrication of the single and double-strap joints was undertaken using the materials 
described in section 3.1.2. The thicknesses of the steel adherends were mm5.1 , mm3 , 
mm6  and their plan area mm25255× . Two types of adherends carbon fibre/polymer 
composite materials were used in this study, a high modulus composite material prepreg 
(VTM/266 UD carbon/epoxy), and an ultra-high modulus composite prepreg (VTM/264 
UD carbon/epoxy). All the CFRP prepreg coupons had plan area of mm25300×  but their 
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effect of including a glass fibre/polymer prepreg as a sandwich between the steel and the 
CFRP composite was investigated. This is aimed at preventing galvanic action between 
the carbon and the steel. Three types of adhesives were used in this study, (a) a typical 
thixotropic epoxy resin adhesive, widely used in the construction industry, (Sikadur 31), 
(b) an adhesive which is used in the aerospace industry for high grade bonding 
applications (3M9323) and (c) an adhesive film (EF5402/PK13 used for the SSF, DSF, 
DSFO, DSFN and DSFNG), which was compatible with the resin systems used in the 
prepregs. 
 
The schematic geometry of the specimen for the single-strap joint is shown in Figure 
3.70, where mml 105= , mmc 3002 = , mmti 5.1= , mmti 3=  and mmti 6= , 1.0=η , 0.5 
and mm1  for Sikadur31, 3M9323 epoxy adhesives and one or two layers for ACG 
Adhesive Film, mmto 2.1=  and the two clamped ends are mm55  long. 
 
 
 
 
Figure 3.70: Schematic Representation of a Single-Strap Joint (Not to Scale) 
 
The schematic geometry of the specimen for the double-strap joint is shown in Figure 
3.71, where mml 105= , mmc 3002 = , mmti 5.1= , mmti 3=  and mmti 6= , 1.0=η , 0.5 
and mm1  for Sikadur31, 3M9323 epoxy adhesives and one or two layers for ACG 
Adhesive Film, mmto 2.1=  or mmto 6.0=  and the two clamped ends are mm55  long. 
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Grade 43 – Steel Plate Sikadur31, 3M9323 & ACG Adhesive Film VTM 266 or 264/UD CFRP 
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Figure 3.71: Schematic Representation of a Double-Strap Joint (Not to Scale) 
 
3.2.2 Surface Preparation 
 
Most adhesive bond failures can be attributed to poor preparation of the adherend 
surfaces and poor mixing and application of the material during the fabrication of the 
joint; the lack of quality surface preparation is the most significant deficiency. 
 
The most common misconception in surface preparation is that the only requirement for a 
good bond is a clean surface. A clean surface is a necessary condition for adhesion but it 
is not a sufficient condition for bond durability. Most structural adhesives are the result of 
the formation of chemical bonds between the adherend surface atoms and the compounds 
constituting the adhesive. These chemical links are the load transfer mechanism between 
the adherends. Solvent degreasing is important, because it removes contaminants, which 
inhibit the formation of the chemical bonds (Kinloch, 1987). 
 
The surfaces of the steel plates were grit blasted using an angular chilled iron grit, 
(Guyson 1989) of 0.18 nominal particle size. Immediately before applying the adhesive 
to the surface of the steel, it was solvent degreased again to remove any foreign matter. 
Also, the composite plates were also lightly grit blasted on the side to be bonded to the 
steel adherend. 
 
3.2.3 Specimen Preparation 
 
The following procedures were undertaken during the manufacture of specimens using 
Sikadur31, 3M9323 epoxy adhesives and ACG Adhesive Film respectively. 
 
ot
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Single-Strap Joint Using Sikadur31 and 3M9323 Epoxy Adhesives 
 
a) Preparation of CFRP adherend 
The CFRP roll was removed from the freezer and allowed to thaw for approximately 2 
hours. Two layers of CFRP required for manufacture of the laminate were cut from the 
roll and the latter was returned to the freezer. The two-prepreg layers were then laminated 
together and specimens of size mm25300×  were cut from the resulting laminate. These 
specimens were then covered with a breather blanket and the whole was placed in a 
vacuum bag, made from Capran, and exposed to a vacuum of 1 bar at room temperature 
for 5 minutes. The oven cut-off temperature was set at 710C and the Capran bag, under a 
vacuum of 1 bar, was placed in the oven. After curing, the temperature of the oven was 
reduced to room temperature and the Capran bag was removed from the oven and the 
vacuum released. The prepreg specimens were lightly grit blasted on the side to be 
bonded to the steel adherend. 
 
b) Adhesive preparation 
Three-parts of the white resin component and one-part of the hardener black component 
of the Sikadur31 ( gr25  each part) were mixed together with small amount of Balotini 
(Sphericlass 1619 CP00) mm5.0 or (Sphericlass 1619 CP03) mm1  for 5 minutes in a 
small plastic bag. Balotini are small spheres used to enable the adhesive thickness to 
remain constant. For the 3M9323 the mix ratio by weight is gr100  of the white resin and 
gr27  of the orange hardener component. 
 
c) Bonding the specimen 
The two steel plates forming the butt-joint were placed in a jig. The adhesive, injected 
from a plastic bag, was placed onto the plates to cover the area of the joint and 
immediately the CFRP adhered was placed on to the adhesive. Small plastic spacers and 
steel weights were used to hold the joint stable; the joint was allowed to cure at room 
temperature for 24 hours. 
 
For the double-strap joint specimens, using the Sikadur31 and 3M9323 adhesives, the 
bonding operation was repeated for the second half of the specimen. For the Double-
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Strap Joint specimens, the samples were rotated through 1800 and the bonding operation 
is repeated to enable the second CFRP plate to be bonded into position. 
 
Single-Strap Joint Using ACG Adhesive Film and GFRP 
 
The composite plates and film adhesive are cured in one operation. The same preparation 
procedure was adopted for the composite plates, which were then placed on either side of 
the butt-joined steel plates with the adhesive film between composite plates and steel. 
The joints were exposed to the same pressure and cure temperature as discussed above 
for the manufacture of the composite plates. For the double-strap joint specimens the 
process is repeated for the bonding of the second composite cover plate. 
 
3.2.4 Instrumentation 
 
Single-Strap Joint Side View for Sicadure31 and EF5402/PK13 Adhesive Film 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.72: The Location of Strain Gauges on SSJ (Not to Scale) 
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Double-Strap Joint Side View for Sicadure31 and EF5402/PK13 Adhesive Film 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.73: The Location of Strain Gauges on DSJ (Not to Scale) 
 
Single-Strap Joint Side View for 3M9323 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.74: The Location of Strain Gauges on SSJ (Not to Scale) 
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Double-Strap Joint Side View for 3M9323 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.75: The Location of Strain Gauges on DSJ (Not to Scale) 
 
Double-Strap Joint Side View for EF5402/PK13 Adhesive Film 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.76: The Location of Strain Gauges on DSJ (Not to Scale) 
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Double-Strap Joint Side View for EF5402/PK13 Adhesive Film and VTM 264 GFRP 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.77: The Location of Strain Gauges on DSJ (Not to Scale) 
 
The strain gauges were used in this experimental study for assessing the strain variation 
in the adherends (FRP and steel) by means of monitoring the longitudinal strains at 
several points of interest. In addition, the strain gauges provided the high sensitivity and 
detailed measurements of surface deformation, which can provide a feel for the 
interaction between adherends and adhesive layer, and yield the strain distributions in the 
adherends and adhesive. Strain gauges (Showa N11-FA-1-120-11) having gauge length 
of mm1  and mm8  were bonded to the specimens at the locations shown in Figures 3.72 
to 3.77. Linearly Variable Displacement Transducers (LVDT’s) were used to measure the 
deformation of the specimens by recording the movement between crossheads. A load 
cell was used to measure the applied loads and support reactions. All data were 
automatically recorded by an Orion SI 3531D acquisition data system. Typical load 
deflection and load strain curves are presented below. 
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3.2.5 Experimental Set-up and Test Procedure 
 
A computer controlled Instron 1185 testing machine was used to test all specimens 
(Figure 3.78). The static tests were conducted at a constant crosshead speed min/5.0 mm  
in tension. The strain, global extension and load values were recorded from the Orion SI 
3531D acquisition data system-testing machine with time interval 4 seconds between 
each record. Load, displacement, and strain gauge data were recorded when the 
specimens were loaded in tension until the specimens in all cases failed. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.78: Experimental Set-up for Tension Test 
 
3.2.6 Presentation of Results 
 
Tables 3.7 to 3.16 summarize the geometric properties, the failure loads, and the 
displacements of the five groups of the tested specimens. The Tables also list the first 
peel load, displacements, and the failure mode of each specimen. 
 
In a well-bonded joint, failure should occur within the adhesive (cohesive failure) or 
within the adherends (e.g. FRP inter-laminar failure). Failure at the adherend-adhesive 
interface (interfacial or bondline failure) generally indicates that a stronger bond should 
be made. In the current tests four failure modes were principally observed and are 
referred to as mode A (cohesive), mode B (inter-laminar) and mode C (interfacial) and 
mode D (ultimate tensile failure of FRP). The categorisation is based on a visual 
examination of the failed specimens; an estimate was made of the percentage of each of 
the above criteria over the relevant surfaces. Clearly, where a combination of modes is 
observed, it is not possible to identify the progression of failure. Note that each of the lap 
 
Load 
Cell 
Sockets 
Strain 
Gauges 
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lengths is assumed to correspond to 100%. Figure 3.79 to 3.81 show typical failure 
surfaces for different modes. 
 
 
 
 
 
Figure 3.79: Failure Mode of SSS 10 (predominantly A) 
 
 
 
 
 
Figure 3.80: Failure Mode of SSS 07 (predominantly B) 
 
 
 
 
 
Figure 3.81: Failure Mode of SSS 08 (predominantly C) 
 
Table 3.7: Single-Strap Joints Using Sikadur31 Epoxy Adhesive (SSS) 
Specimen 
Ref. 
No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
(mm) 
Adhesive 
Thickness
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
Failure  
Mode 
SSS 01 1.5 1.2 1.0 12.6 1.47 13.4 1.88 90% B-10% C 
SSS 02 1.5 1.2 1.0 12.1 1.53 12.6 1.83 70% B-30% C 
SSS 03 1.5 1.2 1.0 12.9 2.01 14.2 2.39 70% B-30% C 
SSS 04 3.0 1.2 0.5 13.7 1.36 13.8 1.71 70% B-30% C 
SSS 05 3.0 1.2 0.5 13.1 1.28 13.6 1.73 90% B-10% C 
SSS 06 3.0 1.2 0.5 13.1 1.41 11.5 1.80 80% B-20% C 
SSS 07 1.5 1.2 0.5 13.2 1.40 14.9 1.69 75% B-25% C 
SSS 08 1.5 1.2 0.5 14.1 1.82 10.9 5.35 20% B-80% C 
SSS 09 1.5 1.2 0.5 11.7 1.13 14.0 1.85 75% B-25% C 
SSS 10 3.0 1.2 1.0 11.3 1.06 10.8 1.14 85% A-15% B 
SSS 11 3.0 1.2 1.0 11.8 1.10 11.3 1.45 75% B-25% C 
SSS 12 3.0 1.2 1.0 14.5 1.44 12.6 1.61 10%A-35%-B-55% C
 
Failure 
Mode A 
Failure 
Mode B 
Failure 
Mode C 
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Table 3.8: Single-Strap Joints Using ACG Adhesive Film EF5402/PK13 (SSF) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
(mm) 
Adhesive 
Layers 
No 
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
Failure Mode 
SSF 01 1.5 1.2 1 17.2 2.11 16.0 2.26 80% B-20% C 
SSF 02 1.5 1.2 2 14.1 1.80 15.3 2.18 100% C 
SSF 03 3.0 1.2 1 15.9 1.64 16.3 1.89 90% B-10% C 
SSF 04 3.0 1.2 2 17.6 1.93 19.1 2.21 100% C 
SSF 05 1.5 1.2 1 18.3 2.52 18.1 2.73 100% C 
SSF 06 1.5 1.2 2 13.0 1.88 12.7 2.14 100% C 
SSF 07 3.0 1.2 1 12.4 0.87 13.1 1.44 100% C 
SSF 08 3.0 1.2 2 11.9 1.05 11.4 1.42 100% C 
 
Table 3.9: Single-Strap Joints Using 3M9323 Epoxy Adhesive (SS3M) 
Specimen 
Ref. 
No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
(mm) 
Adhesive 
Thickness
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
Failure  
Mode 
SS3M 01 1.5 1.2 0.5 17.0 1.89 10.4 7.1 90% B-10% C 
SS3M 02 1.5 1.2 0.5 - - - - 10% B-90% C 
SS3M 03 1.5 1.2 0.5 17.2 1.87 - - 10% B-90% C 
SS3M 04 1.5 1.2 0.1 14.1 1.75 16.2 2.35 100% C 
SS3M 05 1.5 1.2 0.1 13.2 1.53 12.2 1.58 5% B-95% C 
SS3M 06 1.5 1.2 0.1 13.6 1.87 11.9 1.95 5% B-95% C 
 
Table 3.10: Double-Strap Joints Using Sikadur31 Epoxy Adhesive (DSS) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
Each Side 
(mm) 
Adhesive 
Thickness
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
 
Failure Mode 
 
     1st Side                 2nd Side 
DSS 01 3.0 0.6 0.5 32.3 2.33 29.7 2.90 80% A-20% B80% A-20% B
100% A 
80% A-20% B 
DSS 02 3.0 0.6 0.5 29.5 1.70 28.8 2.49 80% A-20% B90% A-10% B
80% A-20% B 
25% A-50% B-25 C
DSS 03 3.0 0.6 0.5 29.1 1.70 28.2 2.46 100% A 100% A 
80% A-20% B 
80% A-20% B 
 
Table 3.11: Double-Strap Joints Using ACG Adhesive Film EF5402/PK13 (DSF) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
Each Side 
(mm) 
Adhesive 
Layers 
Per Side 
No 
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
 
Failure Mode 
 
       1st Side                 2nd Side 
DSF 01 3.0 1.2 1 - - 43.2 3.24 100% C 100% C 
100% C 
100% C 
DSF 02 3.0 1.2 1 - - 44.3 3.54 100% C 100% C 
100% C 
100% C 
DSF 03 3.0 1.2 1 - - 43.3 5.22 100% C 100% C 
100% C 
100% C 
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Table 3.12: Double-Strap Joints Using ACG Adhesive Film EF5402/PK13 (DSFO) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
Each Side 
(mm) 
Adhesive 
Layers 
Per Side 
No 
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
 
Failure Mode 
 
       1st Side                 2nd Side 
DSFO 01 3.0 0.6 1 - - 36.6 2.23 100% C 100% C 
100% C 
100% C 
DSFO 02 3.0 0.6 1 33.2 1.83 27.3 2.51 100% C 100% C 
100% C 
100% C 
DSFO 03 3.0 0.6 1 - - 36.5 1.92 100% C 100% C 
100% C 
100% C 
 
Table 3.13: Double-Strap Joints Using 3M9323 Epoxy Adhesive (DS3M) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
Each Side(mm) 
Adhesive 
Thickness 
Ultimate 
Load (kN) 
Ultimate 
Displacement(mm) 
 
Failure Mode 
 
       1st Side                 2nd Side 
DS3M 01 3.0 0.6 0.5 55.4 5.20 Steel Yield 
DS3M 02 3.0 0.6 0.5 54.4 4.19 Steel Yield 
DS3M 03 3.0 0.6 0.5 55.2 4.38 Steel Yield 
DS3M 04 6.0 0.6 0.1 56.3 4.01 Cohesive – Fibre Failure 
DS3M 05 6.0 0.6 0.1 50.7 4.19 Cohesive – Fibre Failure 
DS3M 06 6.0 0.6 0.1 56.5 4.43 Cohesive – Fibre Failure 
 
Table 3.14: Double-Strap Joints Using ACG Adhesive Film EF5402/PK13 (DSFN) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
Each Side 
(mm) 
Adhesive 
Layers 
Per Side 
No 
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
 
Failure Mode 
 
       1st Side                 2nd Side 
DSFN01 6.0 0.6 1 - - 25.5 1.65 Mode D 
DSFN02 6.0 0.6 1 - - 29.7 2.33 Mode D 
DSFN03 6.0 0.6 1 - - 31.6 3.08 Mode D 
 
Table 3.15: Double-Strap Joints Using ACG Adhesive Film EF5402/PK13 (DSFNG) 
Specimen 
Ref. No 
Steel 
Thickness 
(mm) 
CFRP 
Thickness 
Each Side 
(mm) 
Adhesive 
Layers 
Per Side 
No 
First 
Peel 
Load 
(kN) 
First 
Peel 
Displacement
(mm) 
Final 
Failure 
Load 
(kN) 
Final 
Failure 
Displacement 
(mm) 
 
Failure Mode 
 
       1st Side                 2nd Side 
DSFNG1 6.0 0.6 1 - - 39.3 2.01 Mode D 
DSFNG2 6.0 0.6 1 - - 35.2 2.07 Mode D 
DSFNG3 6.0 0.6 1 - - 34.5 1.90 Mode D 
 
For the single-strap joints (Table 3.7), it can be seen that joints with mm1  adhesive 
thickness have lower average peel and failure load than joints with mm5.0  thickness. In 
addition, from Table 3.8 can be seen that joints with two adhesive film layers have lower 
average peel and failure load than joints with one adhesive film layer. Finally, 
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considering Table 3.9 in which the steel thickness is mm5.1 , joints with mm1.0  adhesive 
thickness have lower average peel and failure load than in joints with mm5.0  thickness. 
 
For the double-strap joints (Tables 3.10 to 3.13) it can been seen that joints with 
Sikadur31 epoxy adhesive have lower average peel and failure loads than joints with 
adhesive film layer or 3M9323 respectively. 
 
In the design analysis of adhesively bonded joints, a key parameter is the adhesive 
thickness. Analytically, the thicker the adhesive the better for load transfer under shear, 
although overall joint stiffness is decreased. However, as the adhesive thickness 
increases, so does the likely occurrence of bondline porosity; this decreases the shear and 
peel strengths markedly (Hart-Smith 1984). In the above experiments, it is observed that 
the thicker joints perform worse than the thinner joints. However, this relates to ultimate 
strength and not to elastic considerations which are the basis of the previous conclusions 
from theory. 
 
3.2.6.1 Typical Load-Deflection and Load-Strain for Single-Strap Joints 
 
Typical load-displacement plots comparing the response of the twenty-six joint 
specimens are presented in Figures 3.82 to 3.86. Typical results for single-strap joint 
specimens bonded with Sikadur31 epoxy adhesive with mm5.0  thickness are presented in 
Figures 3.82 and 3.83, whereas corresponding plots for specimens bonded with one layer 
of ACG adhesive film are shown in Figures 3.84 and 3.85. Finally, Figure 3.86 shows the 
load-displacement response for 3M9323 single-strap joint with mm5.0  thickness. 
 
From Figures 3.82 to 3.86 it is seen that, in joints utilising Sikadur31 epoxy adhesive, the 
average peel and failure loads are lower in value than in joints with 3M9323 epoxy 
adhesive and adhesive film layer. In addition, the joints with mm5.1  steel and one layer 
of adhesive film ( mm1.0  thickness) show the average values closer to those of the 
3M9323 than to those of Sikadur31 adhesive. Also, from Figure 3.85 it can be seen that 
the joint was plastically deformed during the first loading and unloading process. 
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Figure 3.82: Load-Deflection for 3 mm Steel and 0.5 mm Adhesive Thickness Sicadur31 (SSS 06) 
 
 
Figure 3.83: Load-Deflection for 1.5 mm Steel and 0.5 mm Adhesive Thickness Sicadur31 (SSS 09) 
 
 
Figure 3.84: Load-Deflection for 1.5 mm Steel Thickness and One Layer Adhesive Film (SSF 05) 
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Figure 3.85: Load-Deflection for 3 mm Steel Thickness and One Layer Adhesive Film (SSF 07) 
 
 
Figure 3.86: Load-Deflection for 1.5 mm Steel and 0.5 mm Adhesive Thickness 3M (SS3M 03) 
 
Typical load-strain plots comparing the response of the twenty-six joint specimens are 
presented in Figures 3.87 to 3.94. The typical results for single-strap joints specimens 
bonded with Sikadur31 epoxy adhesive with mm5.0  thickness respectively are presented 
in Figures 3.87 to 3.90. 
 
 
 
 
 
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
Deflection (mm)
Lo
ad
 (k
N
)
Experimental 1st Cycle
Experimental
0
2
4
6
8
10
12
14
16
18
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9
Deflection (mm)
Lo
ad
 (k
N
)
Experimental
ADHESIVE JOINTS                                                                                                                            CHAPTER 3 
 
 3-50
Nikolaos K. Photiou
 
 
Figure 3.87: Load-Strain for 3 mm Steel and 0.5 mm Adhesive Thickness Sicadur31 (SSS 06) 
 
From the Figures 3.87 and 3.88 joints with mm3 steel thickness have lower strain values 
at first peel failure load compared to the joints with mm5.1  steel thickness. In addition 
the mm5.1  steel thickness specimens indicate symmetry about the neutral axis but the 
mm3  steel thickness specimens, exhibit a small degree of non-symmetrical bending. 
 
In Figure 3.89, the observed behaviour is essentially linear elastic up to the first peel 
failure load except for the position of Gauge 17, which is situated at the midpoint of the 
overlap where a large bending moment exists. In addition, Figure 3.90 shows the strain-
load profile curves for the half overlap length of the specimens. From these Figures, it 
can be seen that the Gauges 15, 13, 11 indicate positive strain values as opposed to Gauge 
17, which is under a negative bending strain up to approximately 70% of ultimate load 
and then changes to rapidly increasing positive strain values. 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
-400 -300 -200 -100 0 100 200 300
Micro Strain
Lo
ad
 (k
N
)
Gauge 19
Gauge 21
ADHESIVE JOINTS                                                                                                                            CHAPTER 3 
 
 3-51
Nikolaos K. Photiou
 
 
Figure 3.88: Load-Strain for 1.5 mm Steel and 0.5 mm Adhesive Thickness Sicadur31 (SSS 09) 
 
 
Figure 3.89: Load-Strain for 1.2 mm CFRP with 0.5 mm Adhesive Thickness Sicadur31 (SSS 09) 
 
From Figure 3.91 it can be seen that the load-strain response of the joints bonded with 
adhesive film is very similar to that of the joints bonded with adhesive epoxy. The same 
situation exists in the load-strain response as illustrated in Figure 3.92. The observed 
behaviour is essentially linear elastic at least up to the first peel failure load except at the 
position at Gauge 17, at the midpoint of the overlap, where a large bending moment 
exists. 
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Figure 3.90: Strain-Load Profile for 1.2 mm CFRP with 0.5 mm 
Adhesive Thickness Sicadur31 (SSS 09) 
 
 
Figure 3.91: Load-Strain for 1.5 mm CFRP with One Layer Adhesive Film (SSF 05) 
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Figure 3.92: Load-Strain for 1.2 mm CFRP with One Layer Adhesive Film (SSF 05) 
 
The typical results for single-strap joints specimens bonded with 3M9323 epoxy adhesive 
with mm5.0  thickness respectively are presented in Figures 3.93 and 3.94. Of all the 
adhesives used, the 3M9323 demonstrates a near perfect elastic response from beginning 
to end. Although this appears to develop the strongest bond, it is associated with an 
almost completely brittle failure. 
 
 
 
 
 
Figure 3.93: Load-Strain for 1.5 mm Steel and 0.5 mm Adhesive Thickness 3M (SS3M 03) 
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Figure 3.94: Load-Strain for 1.2 mm CFRP with 0.5 mm Adhesive Thickness 3M (SS3M 03) 
 
3.2.6.2 Typical Load-Deflection and Load-Strain for Double-Strap Joints 
 
Typical load-displacement plots comparing the response of the twenty-one specimens are 
presented in Figures 3.95 to 3.99. The results for double-strap joints specimens bonded 
with mm5.0  thickness Sikadur31 epoxy adhesive appear in Figure 3.95. 
 
The results for double-strap joints specimens bonded with one ACG adhesive film layer 
and with mm6.0  CFRP thickness at each side are shown in Figures 3.96 and for 3M9323 
in Figure 3.97. Figures 3.98 and 3.99 show a typical load-extension relationship for the 
ultra-high modulus carbon/glass fibre composite (DSFNG) and for the ultra-high 
modulus carbon fibre composite (DSFN) respectively, both with steel adherends. Two 
cyclic load-extension relationships to 10kN loads were performed before the specimen 
was loaded to failure. The slope of the load/extension graph increased in value after the 
first cycle but reverted to its original value when loaded beyond 10kN. 
 
Experiments have shown that the plastic deformation in the adhesive is not cumulative. 
This is observed in Figures 3.85, 3.95 and 3.96, where the gap deformation between the 
two steel adherends was measured for double-strap joint specimens during cyclic loading. 
After the first cycle, there is a residual deformation, indicating that the adhesive has 
plastically deformed. Similar deformations also occur on subsequent loadings but are 
reduced in magnitude. As the number of cycles increases, the deformation of the 
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discontinuity in the steel adherend becomes negligible. From Figure 3.97, in order to 
avoid a steel dominated failure mode where using the 3M9323 adhesive, realising the 
performance of this adhesive, the steel adherend was increased in thickness to mm6 . The 
load-extension characteristic is linear to failure, which involved significant fibre rupture. 
 
 
Figure 3.95: Load-Deflection for 3 mm Steel and 0.5 mm Adhesive Thickness Sicadur31 (DSS 03) 
 
 
Figure 3.96: Load-Deflection for 3 mm Steel, 0.6 mm CFRP Thickness  
and One Layer Adhesive Film at Each Side (DSFO 02) 
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Figure 3.97: Load-Deflection for 6 mm Steel and 0.5 mm Adhesive Thickness 3M (DS3M 04) 
 
 
Figure 3.98: Load-Deflection for 6 mm Steel, 0.6 mm Ultra-High CFRP Thickness  
and One Layer Adhesive Film at Each Side (DSFN 02) 
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Figure 3.99: Load-Deflection for 6 mm Steel, 0.6 mm Ultra-High CFRP Thickness,  
One Glass Layer and One Layer Adhesive Film at Each Side (DSFNG 03) 
 
Typical load-strain plots comparing the response of the fifteen joint specimens are 
presented in Figures 3.100 to 3.106. The typical results for double-strap joint specimens 
bonded with mm5.0  thickness Sikadur31 epoxy adhesive is given in Figures 3.100 to 
3.102. 
 
 
Figure 3.100: Load-Strain Along the Overlap for 0.6 mm CFRP at Each Side with 
0.5 mm Adhesive Thickness Sicadur31 (DSS 03) 
 
In Figure 3.100, the observed behaviour is essentially linear elastic and indicates good 
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with the single-strap joints where the strain given by Gauge 17 at the midpoint of the 
overlap is not linear. This difference occurs due to the symmetry of the double-strap 
joints, which results in the bending effects being very small. 
 
 
Figure 3.101: Load-Strain Across the Overlap for 0.6 mm CFRP at Each Side with 
0.5 mm Adhesive Thickness Sicadur31 (DSS 03) 
 
 
 
 
 
Figure 3.102: Strain-Load Profile for 0.6 mm CFRP at Each Side with  
0.5 mm Adhesive Thickness Sicadur31 (DSS 03) 
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Figure 3.101 shows the load-strain response across the longitudinal centre line of the 
overlap. As can be seen the behaviour is essentially linear elastic but then appears to be a 
very small difference in strain between the Gauges 15, 13 and 11. Finally, Figure 3.102 
shows the strain-load profile curves for the overlap length of the specimens. From this 
Figure, it can be seen that the strain between the Gauge 15 and gauge 17 indicates good 
symmetry about the neutral axis at least up to the first peel failure and all strains at 
positions 15 to 17 take only positive values. 
 
The typical results for Double-Strap Joint specimens bonded with one layer ACG 
adhesive film and mm6.0  CFRP thickness respectively are shown in Figures 3.103 and 
3.104. 
 
 
 
 
 
 
Figure 3.103: Load-Strain Along the Overlap for 0.6 mm CFRP at Each Side 
with One Layer Adhesive Film (DSFO 02) 
 
From the Figures 3.99 to 3.105 it can be seen that the load-strain response of the joints 
bonded with adhesive film is very similar to that of the joints bonded with epoxy 
adhesives. Joints with mm3  steel and mm5.0  Sikadur31 epoxy adhesive thickness have 
lower strain values up to the first peel failure load than joints with mm3  steel thickness 
and one layer adhesive film or 3M9323 with mm5.0  adhesive thickness. In addition, the 
same situation exists in the load-strain response and strain load profile. The observed 
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behaviour is essentially linear elastic and indicates good symmetry about the neutral axis 
at least up to the first peel failure. 
 
 
 
 
 
 
 
Figure 3.104: Load-Strain Across the Overlap for 0.6 mm CFRP at Each Side 
with One Layer Adhesive Film (DSFO 02) 
 
The typical results for Double-Strap Joint specimens bonded with mm5.0  thickness 
3M9323 epoxy adhesive is given in Figure 3.105. The strains in the CFRP have reached 
about 16000με a value, comparable to the tensile failure strain of the high modulus CFRP 
material. 
 
Figure 3.105: Load-Strain Along the Overlap for 0.6 mm CFRP at Each Side 
with 0.5 mm Adhesive Thickness (DS3M 06) 
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Figure 3.106: Load-Strain Along the Overlap for 6 mm Steel, 0.6 mm Ultra-High CFRP Thickness,  
One Glass Layer and One Layer Adhesive Film at Each Side (DSFNG 03) 
 
Figure 3.106 shows the results for the GFRP/Ultra-high modulus CFRP composite 
bonded to steel using the adhesive film. It shows a linear response up to the failure load. 
The maximum strain reached is about 3300με, once more a value comparable to the 
tensile failure strain of the ultra-high modulus CFRP material. In these two cases (i.e. 
shown in Figure 3.105 and 3.106), the failure load has not been curtailed by the strength 
of the adhesive itself, which is of course desirable in a strengthening situation. 
 
3.3 Conclusions 
 
Experimental and analytical analysis of single and double-strap adhesive joints, using a 
low temperature cure CFRP prepreg composite material, has been undertaken. The 
adhesive materials used were (i) a film adhesive compatible with the matrix material of 
the composite, (ii) three different thicknesses of a standard adhesive material used in the 
plate bonding technique for joining CFRP composites to RC beams and columns and (iii) 
a high technology adhesive, not used in plate bonding techniques but used here as a 
benchmark. It has been shown that efficient bond characteristics can be obtained using 
the three methods of joining the adherends and that the adhesive film is more efficient 
from the point of view of fabrication and load bearing properties than the general civil 
engineering adhesive resins; the adhesive film had bonding properties approaching that of 
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the high technology adhesive. The main conclusions from the investigations are 
summarised as follows: 
 
? The load-deflection relationship, for all the specimens show an elastic behaviour up 
to the first peel. 
? The load-strain response indicates that for single-strap joints bending effects and 
excessive lateral deflections, due to eccentric loading were encountered. 
? The specimen with 3M9323 adhesive epoxy is significantly stronger than the 
Sikadur31 adhesive epoxy. 
? The specimens with adhesive film were stronger than corresponding Sikadur31 
specimens but not as stronger those with 3M9323. 
? By utilizing FE methods, a better understanding at critical regions, such as the free 
end conditions of the CFRP plate and adhesive can be achieved. 
? Having access to the results of a FE analysis, a greater focus can be made on the 
critical areas for the further experimental investigations. 
? A better understanding regarding the load path throughout the specimen, especially 
near the discontinuity, was obtained. 
? Finally, since a linear analysis was undertaken, the numerical results can be 
considered as only approximate; more accurate results could be obtained with a non 
linear analysis. However, the FE study was used in this part of the thesis for 
qualitative comparisons only. 
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Chapter 4 Beam Fabrication and Testing 
 
4.1 Introduction 
 
The fabrication of the rectangular hollow section beam was undertaken, using four of the 
prepreg materials characterised in Chapter 3, by the vacuum bag method technique; this 
is a manual fabrication method. The vacuum consolidated the individual prepreg plies 
onto the rectangular hollow section beam and reduced the air voids to a minimum. Other 
techniques to manufacture the rectangular hollow section beam could include (a) hand 
lay-up, (b) pultrusion and (c) resin injection. These methods are explained in various 
literatures including Hollaway and Head (2001) and will not be discussed here. However, 
the use of the low temperature curing materials and the vacuum bag technique of 
fabrication were deemed to be particularly relevant to this project; the geometry of the 
hollow section beam was relatively complex, and as such, other methods were regarded 
as being too expensive, too time consuming or simply inappropriate to manufacture a full 
size beam. 
 
This Chapter discusses the manufacturing technique utilised for the fabrication of the 
rectangular hollow beams and also the experimental results to investigate the 
effectiveness of an artificially degraded steel beam of rectangular cross-section by 
utilising a hybrid ultra high-modulus (UH-M) carbon fibre/glass fibre/epoxy composite 
prepreg under four-point loading. This system is compared with one utilising a hybrid 
high-modulus (H-M) carbon fibre/glass fibre/epoxy composite prepreg. The fabrication 
technique involves the hybrid composites being formed as a U-shaped unit bonded to the 
tensile region of the steel member by a compatible film adhesive; this fabrication 
technique is also compared with a plate system formed from a hybrid (UH-M or H-M) 
carbon fibre/glass fibre/epoxy composite prepreg and bonded to the soffit of the beam. 
The tests were carefully monitored, up to failure, in terms of strains and deflections at 
strategic positions. 
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4.2 Beam Fabrication 
 
Four beams have been retrofitted, two by means of a U-shaped prepreg unit and the other 
two by a prepreg flat plate unit. One of each of the geometric types was manufactured 
from an (UH-M) and from a (H-M) CFRP. In all cases the laminates were bonded to the 
tensile flange of their respective steel beams by a compatible adhesive film. Both the U-
shaped and the flat plate units had identical laminate lay-ups; these consisted of 
unidirectional CFRP composites and +450 GFRP composites placed along the length of 
the beam.  However, in the U-shaped composite, the GFRP component was also taken up 
the vertical sides of the beams to the height of the modified neutral axis. This vertical 
component was a continuation of the +450 GFRP composite bonded onto the tension 
flanges; no CFRP laminates were placed in the webs of the beam. Furthermore, since the 
tensile strength of the matrix dominated GFRP component is approximately a fifth of that 
of the unidirectional UH-M CFRP component and the strain to failure is more than four 
times greater than that of the CFRP, the GFRP component does not exert a great 
influence on the overall strength of the system. It was anticipated that the U-shaped 
GFRP composite unit would prevent a peel failure at the free end of the reinforcement or 
a peel failure following a strain failure of the carbon fibre composite. A full description 
of the lay-up is given in the next section. 
 
The objective was to compare the effectiveness of two carbon fibre polymer prepregs and 
two possible fit-ups. Specifically, an (UH-M) CFRP U-shaped hybrid composite prepreg 
system (Beam 1) was compared to a (H-M) CFRP U-shaped hybrid composite prepreg 
system (Beam 2) and an (UH-M) (CFRP) flat plate hybrid composite prepreg system 
(Beam 3) was compared to a (H-M) CFRP flat plate hybrid composite prepreg system 
(Beam 4). The effect of alternative fit-ups was investigated by comparing the former 
(Beam 1) to an (UH-M) CFRP hybrid composite system bonded to the soffit of the steel 
beam only (Beam 3) and the former (Beam 2) to an (UH-M) CFRP hybrid composite 
system bonded to the soffit of the steel beam only (Beam 4). 
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4.2.1 Materials Used and Specimen Preparation 
 
CFRP composites are corrosion resistant, but if they are in contact with metals, galvanic 
interaction between the two materials could take place if an exposed carbon fibre were to 
touch the metal. In addition, to aid a uniform stress transfer from the steel to the CFRP, a 
layer of glass fibre composite was placed between the metal and the carbon composite to 
prevent direct contact between the two materials. This enabled an examination of the 
actual bonding mechanism between the glass fibre composite/steel interface to be made. 
The effectiveness of stress transfer when using a GFRP composite between the steel and 
CFRP composite adherends under a direct tension situation has been discussed in the 
previous Chapter. 
 
The two types of carbon fibre/polymer composite prepreg materials and the glass 
fibre/polymer composite used in this investigation were manufactured by ACG 
(Advanced Composites Group Ltd., Heanor Gate Industrial Estate, Derbyshire, DE76 
7SI). The matrix resin system and the adhesive film, whose typical thickness is about 
110-120 microns, were made from a low temperature curing resin system (cure 
temperature 650C); this is a relatively low temperature and can be readily accommodated 
on site by using a heated enclosure. 
 
The CFRP composite material used in the investigation was made from two double-ply 
laminates, comprised of unidirectional carbon fibre prepregs. Inter-leaved with these 
laminate layers were three single plies of GFRP laminates each made from ±450 fibre 
prepregs positioned along the longitudinal direction of the beam. The overall lengths of 
the two types of CFRP prepregs were identical and measured mm1600 . The width of the 
CFRP composite was mm70  for Beams 1 and 2; this virtually covered the flange of the 
steel section with the exception of the curved corners. The width of the CFRP composite 
was mm60  for Beam 3 and 4. The developed width of the GFRP prepregs was mm210 , 
as these extended up the sides of the beam to its centroidal height; it is noted that no 
CFRP laminates were placed in the webs of the beam. It was anticipated that the U-
shaped GFRP composite unit would prevent a peel failure at the free end of the 
reinforcement or a peel failure following a strain failure of the carbon fibre composite. In 
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Beams 1 and 3, an (UH-M) CFRP was used, each ply being mm3.0  thick. For Beam 2 
and 4, a (H-M) CFRP was used, each ply being mm6.0  thick. Tables 3.2 to 3.4 in 
Chapter 3 give tensile stress-strain characteristics for adhesive film, the CFRP and the 
GFRP prepregs, obtained from tension coupon tests. 
 
To eliminate any lateral torsional buckling during the flexural test programme, a 
rectangular hollow cross-section was chosen for the investigation. Furthermore, in order 
to induce failure in the tension zone of the beam, a compact (Class 1) section was 
adopted, thereby delaying failure due to compression flange buckling. The first operation 
in the test programme consisted of cutting the hollow steel sections, mm80120× , to a 
length of mm1800  and machining mm5.2  thickness of material off one of the flanges 
(which acted as the tension flange in the beam tests) to simulate a degraded beam. This 
operation was performed by multiple low speed passes, in order to minimise distortions 
induced by heat input and residual stress release. The corners between the flange and web 
faces were rounded to a radius of mm10 . Subsequently, all exposed surfaces of the 
rectangular hollow section (RHS) beam were grit blasted to the Swedish Code SA 2½ 
Grade 3 Dirk grit. Immediately before applying the adhesive film, the surface of the steel 
was solvent degreased using acetone to remove any contaminant materials. Small tension 
specimens were cut from the main beam section and tension tests were undertaken to 
determine the mechanical characteristics of the steel. The average values were MPa375  
for 0.2% proof strength, GPa205  for the modulus of elasticity and 0.3 for the Poisson 
ratio. Figure 4.1 compares and contrasts the tensile stress-strain response of the FRP and 
steel materials used. 
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Figure 4.1: Tensile Stress-Strain Response of the FRP and Steel Materials 
 
The various layers were stacked as follows: first a single GFRP ply followed by one 
double-ply CFRP laminate, followed by a single GFRP ply, followed by the other double-
ply CFRP and finally another single GFRP ply. The first GFRP ply was adjacent to the 
adhesive film and hence separated the steel from the carbon fibres. Between the first 
double-ply CFRP and single ply of GFRP laminate the system was de-baulked. Figures 
4.2a and 4.2b depict the stacking sequence of the FRP components on to the steel beam, 
and indicate the strain gauge positions on the central section. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2a: Schematic Diagram of a Rectangular Hollow Cross-Section Ultra High Modulus CFRP, 
Also Showing Strain Gauge Positions (Not to Scale) 
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Figure 4.2b: Schematic Diagram of the Stacking Sequence of the FRP  
Composite Components. (Not to Scale) 
 
At the end of the laying-up procedure a halar film and breather blanket covered the beam 
and the whole unit was placed in a vacuum bag. The bag, under vacuum assisted pressure 
of atm1 , was transferred to an oven at 650C for 16 hours. After curing, the temperature of 
the oven and sample was reduced to room temperature at a steady rate. The beam was 
then ready for testing (see Figure 4.3). 
 
4.2.2 Test Procedure and Instrumentation 
 
Each beam was placed in the test rig on a clear span of mm1700 . The two external loads 
were positioned at a distance of mm200  on either side of the centre line of the beam. 
Strain gauges (Showa N11-FA-1-120-11) having gauge length of mm8  were bonded at 
strategic positions on both sides of the beams at mid-span and down the depth of the 
beams (see Figure 4.2a). The test arrangement is shown in Figure 4.4. Two Linearly 
Variable Displacement Transducers (LVDT’s) were placed on either side of the beam at 
mid-span to determine the deflections and to indicate any spurious torsional effects that 
might occur. Displacement transducers were also placed at the two external load positions 
to determine the curvature of the beams over the pure moment region. A series of four 
cyclic loading increments were applied to a value one eighth of the estimated failure load 
before the beams were taken to failure; the load increments were kN1 . 
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The experimental readings were recorded using an Orion SI 3531D data logger and 
Schlumberger data acquisition system. A picture of the test set-up is illustrated in Figure 
4.5. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Diagrammatic Representation of the Lay-up Procedure 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Test Arrangement for Beam Tests 
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Figure 4.5: Picture Showing Static Experimental Test Set-up 
 
4.3 Test Results 
 
Failure of Beam 1 (with the U-shaped hybrid composite system and ultra-high modulus 
stiffness CFRP) occurred at a load of kN45  per jack and was concentrated in the CFRP 
composite in a particular location within the pure moment region of the specimen. As 
confirmed by the strain gauge readings, at this load the CFRP had reached its ultimate 
strain of about 0.4%. At this point there was no apparent bond failure between the 
composite and the steel member on either side of the failure section, therefore complete 
composite action, between the two components, still existed, except of course at the 
location of failure. Figure 4.6, shows the average load (per jack) deflection response of 
the strengthened beam. Non-linear response can be seen from about kN23 onwards, and 
this corresponds to the steel in the soffit of the beam beginning to exhibit softening 
response. As can be seen, the load kept increasing to almost twice this value before 
failure of the ultra-high CFRP took place. In fact, the ultimate load reached by the 
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strengthened beam exceeded the plastic collapse load of the full RHS steel beam (i.e. 
before reduction of the bottom flange from 5 to 2.5 mm) thus demonstrating the ability of 
the FRP strengthening system to restore the full bending capacity of the beam. Upon 
unloading, the beam had a permanent centre deformation of about mm12 . This completed 
the first cycle to failure, denoted as ‘Cycle 1’ in Figure 4.6. The strain distribution within 
the cross-section, clearly showing the shift in neutral axis position as the steel yielded, is 
illustrated in Figure 4.7. 
 
 
Figure 4.6: Average Load-Deflection (Per Jack) Response of the Strengthened Beam 1 
 
 
Figure 4.7: Strain Distribution Response of the Strengthened Beam 1 
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Figure 4.8: Load-Strain Response of the Strengthened Beam 1 
 
After 15 minutes the beam was reloaded (‘Cycle 2’ in Figure 4.6) and the load-
deformation characteristic was more typical of a steel member in bending. However, the 
now damaged strengthened beam, was able to sustain a load of up to kN40  per jack, 
which was in excess of the capacity of the steel alone, even considering the work 
hardening afforded to the steel by the first failure cycle. It was clear that the FRP system 
was still contributing to the strength of the beam due to the adhesive bond still being 
intact, and thus transferring load to the CFRP and GFRP hybrid system apart from the 
location where fibre breakage had taken place. These observations were confirmed by the 
load-strain results for gauges located at the centre of the beam at the top (on steel) and the 
bottom (on GFRP) shown in Figure 4.8. These gauges were located approximately 
mm190  from the CFRP failure position, and were not damaged during the previous 
loading cycle. As can be seen, the strain gauge on the GFRP recorded μ500  strain at 
maximum load. This value indicates that at this specific point on the bond-length, the 
beam was still experiencing composite action between the steel and the hybrid U-shaped 
composite upgrading system. 
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increasing load to a value of kN50  per jack, at which point the test was stopped due to 
excessive deflection at the centre of the beam; the deflection at this maximum load was 
mm43 . Figure 4.9 shows the average load per jack versus average central deflection. It 
may be observed that the load has reached a plateau and no further increase was 
anticipated beyond this value. As the strains in the CFRP or GFRP layers had not reached 
the ultimate values of about 1.7%, no failure of the composite occurred. The maximum 
load was in excess of the plastic collapse load of the original RHS steel beam and the 
ductility of the beam was not impaired, at least not up to the deflection level reached in 
the test (approximately equal to span/40). The strain distribution within the cross-section 
shows clearly the shift in neutral axis position as the steel yielded; this distribution is 
shown in Figure 4.10. Figure 4.11, presents the load-strain response for the Beam 2. 
 
Figure 4.9: Average Load-Deflection (Per Jack) Response of the Strengthened Beam 2 
 
Figure 4.10: Strain Distribution Response of the Strengthened Beam 2 
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Figure 4.11: Load-Strain Response of the Strengthened Beam 2 
 
 
Figure 4.12: Average Load-Deflection (Per Jack) Response of the Strengthened Beam 3 
 
 
Figure 4.13: Strain Distribution Response of the Strengthened Beam 3 
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Figure 4.14: Load-Strain Response of the Strengthened Beam 3 
 
The corresponding results for Beam 3, onto which the hybrid composite (ultra-high 
modulus stiffness CFRP) is bonded to the bottom flange only, are shown in Figures 4.12 
to 4.14. During the first cycle to failure, the upgraded beam reached an almost identical 
maximum load to that of Beam 1 and failure, once again, occurred as a result of carbon 
fibre breakage. Furthermore, the load-deflection path followed a similar pattern to that of 
Beam 1, as can be seen from Figure 4.12. However, in this case, fibre breakage also 
triggered a near complete de-bonding of the composite system from the steel flange and, 
as a result, the second cycle represented the response of the steel beam alone. Thus, 
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system and steel beam remained. This is clearly evident in the load-strain results, where it 
can be seen that the gauge on the GFRP located in the centre of the beam failed to pick up 
any load during the second cycle. 
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per jack versus average central deflection. Once more, the maximum load of Beam 4 was 
in excess of the full plastic collapse load of the original RHS steel beam, and ductility 
was not impaired, as in Beam 2. The strain distribution within the cross-section is 
illustrated in Figure 4.16 and shows the shift in the neutral axis position as the steel 
yields. Figure 4.17 presents the load-strain response for the Beam 4 which is practically 
identical to that of Beam 2. 
 
 
Figure 4.15: Average Load-Deflection (Per Jack) Response of the Strengthened Beam 4 
 
 
Figure 4.16: Strain Distribution Response of the Strengthened Beam 4 
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Figure 4.17: Load-Strain Response of the Strengthened Beam 4 
 
Figures 4.18 and 4.19 show the final collapse mode of Beam 1 (U-shaped) and Figures 
4.20 and 4.21 show the corresponding failure for Beam 2 (flat plate). From these Figures, 
the highly localised fibre breakage of Beam 1 can be contrasted with the fibre breakage 
and overall debonding exhibited by Beam 2. 
 
 
 
 
 
 
 
 
 
Figure 4.18: Failure of Beam 1 Showing the Location of Fibre Breakage 
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Figure 4.19: Failure of Beam 1 After Removing Broken Fibres and Exposing the Bondline 
 
 
 
 
 
 
 
 
 
Figure 4.20: Failure of Beam 2 Showing Extent of Debonding 
 
 
 
 
 
 
 
 
 
Figure 4.21: Failure of Beam 2 (Close up) 
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4.4 Conclusions 
 
This study has presented experimental results aimed at establishing the effectiveness of 
hybrid FRP composite systems in flexural strengthening of steel beams. Two alternative 
geometric shapes for the upgrading system have been investigated. The first utilised U-
shaped GFRP prepregs, which were bonded to the soffit and were extended up the sides 
of the steel member to the neutral axis, together with flat shape CFRP prepregs bonded to 
the soffit only. The second utilised flat plate CFRP and GFRP prepregs bonded only to 
the soffit of the beam. In both cases a compatible adhesive film was used to bond the first 
FRP layer to the steel surface; this was a GFRP prepreg placed at this position in order to 
minimise the risk of galvanic action between the steel and the carbon fibre, and in order 
to produce a more gradual shear transfer in the bonded joint. 
 
A further parameter investigated through the tests was the choice of the CFRP composite. 
Both a high-modulus and an ultra high modulus CFRP were used; the former had a 
modulus over half that of steel and relatively high ultimate strain whereas the latter had a 
modulus higher than steel but a relatively low ultimate strain. In all cases, the whole 
upgrading system was bonded to the steel substrate in one single operation, which 
involved lay-up, application of vacuum (1 atm) and curing at an elevated temperature 
(65oC).  
 
The various hybrid FRP upgrading systems were applied to artificially degraded 
rectangular hollow section beams subjected to four-point loading. All four upgraded 
beams reached the plastic collapse load of the original undamaged beam. The beams in 
which the ultra-high modulus CFRP was utilised failed as a result of carbon fibre 
breakage, whereas their counterparts in which the high modulus CFRP was exhibited 
ductile response with no fibre or adhesive failure up to a maximum deflection of span/40. 
The ultimate load in the latter beams was 10% higher than that achieved in the beams 
with the ultra-high modulus CFRP. Thus, it may be concluded that, provided the ultimate 
strains in the high modulus carbon fibres are not exceeded and the bonding mechanisms 
are sufficient, the steel beam can be deformed well into its plastic region. 
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By extending the hybrid composite system, with GFRP prepregs only, up the vertical 
sides of the beam, to the neutral axis height, it was shown that even failure due to fibre 
breakage was localised and the steel beam continued to exhibit a degree of composite 
action with the FRP composite material, as opposed to severe debonding that took place 
when the same strengthening system was applied to the soffit of the beam only. Thus, the 
advantage of the U-shaped system over its flat counterpart is that it seems to have the 
ability to contain the failure and to provide a degree of stiffening even after substantial 
damage has taken place. Further investigations must be pursued to examine these 
alternatives in greater detail and to establish the relative merits of alternative upgrading 
systems. 
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Chapter 5 FE Analysis of Beam Tests 
 
5.1 Introduction 
 
The numerical analysis of the rectangular hollow section beam designs reported in this 
Chapter was regarded as an important step in determining the behaviour of the beam 
before planning the experimental testing programme. Consequently, a finite element (FE) 
analysis was developed so that the structural performance of the hybrid beams could be 
verified before the beam was fabricated and tested. The second objective of the FE study 
was to compare with test results in terms of load, strain and deflection values. Finally, the 
FE analysis allows the study of certain aspects of behaviour that cannot be quantified 
experimentally due to measurements and other constraints. Throughout this study, the 
same FE analysis packages have been utilised, namely ABAQUS version 6.3 (ABAQUS 
2002). The FE technique of analysing a structure (utilising conventional materials or 
composites) has been undertaken by many researchers and the technique itself is 
described in numerous publications (Bathe 1982, Akin 1994, Fagan 1992). Consequently, 
detailed explanations of the FE theory will not be provided. 
 
5.2 FE Analysis and Model Development 
 
In a FE model, the first step is to discretise the geometry of the structure using an 
assembly of finite elements. Each finite element represents a discrete portion of the 
physical structure. These elements are then joined by shared nodal points, which are used 
to create the mesh of the model. In a stress analysis of a structure, the displacements are a 
fundamental variable which are calculated at each node. From this information, the stress 
and strain at each nodal point of each element can then be readily calculated. 
 
The analysis of a model is split up into a number of stages; this is shown 
diagrammatically in Figure 3.7 in Chapter 3. The use of ABAQUS CAE as the pre-
processor was a useful way in which the geometry of the structure could be readily 
visualised. 
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The initial step is to generate the section geometry. In the case of the rectangular hollow 
section beam utilised in this study, a complete 3D model was created using solid elements 
for both the steel and composite layers. There was an option to use shell elements for the 
composite layers, but it was decided that utilising solid elements would result in a more 
refined and realistic section. ABAQUS allows the solid section to be split up and 
partitioned into different layers of composite material with varying thicknesses, material 
properties and fibre orientations. 
 
The accuracy of the model simulation is dependent upon the number of elements within 
the mesh, the type of the element utilised and the shape of each element. The 
displacements are only calculated at the nodes of an individual element. Continuum 
(solid) elements are either tetrahedral, wedge (triangular prism) or hexahedral (brick) 
shapes. The uniform symmetrical 3D geometry used in this study was ideal for 
hexahedron shape elements. The basic brick element contains 8 nodes (one at each 
corner), and it uses linear interpolation in each direction and hence is termed a linear or 
first-order element (see Figure 5.1a). Elements with nodes at the mid-side, such as the 20-
node brick element (see Figure 5.1b), use quadratic interpolation and are termed 
quadratic or second-order elements. The advantage of using an 8-node brick element is 
the reduction in the analysis time. However, in this study, the model uses 20 node brick, 
reduced integration elements (C3D20R) to model all the parts of the hybrid beam (see 
Figure 5.1b). Both geometric and material non-linearities are included, the latter being 
only in the material characteristic of the steel. Both adhesive and FRP materials are 
modelled through a linear elastic stress-strain curve. Although more efficient elements 
could have been used for the steel and FRP materials, it was decided to use the same type 
for all parts, in order to mitigate the risk of compatibility problems. 
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Figure 5.1a: 8-node Brick Element Figure 5.1b: 20-node Brick Element 
 
Figure 5.1: Diagrammatic Representation of Two Different Types of Brick Element 
 
In the FE analysis, the steel beam was regarded as an isotropic material. For linear elastic 
analysis, only the elastic modulus and the Poisson’s ratio were required, a value of 
GPa205  and 0.3 was utilised for the elastic modulus and Poisson’s ratio respectively. 
For a non-linear analysis, the plastic strain as a function of the stress was also given. 
These values were taken from the steel coupons cut from the steel beam section before 
the test as described in Chapter 4.2.1. 
 
The method of modelling the APC materials was undertaken by creating a different 
lamina thickness and orientations partitions, as used within the experimental beams. As 
the UD/CFRP used in this investigation was anisotropic material and ±450/GFRP was 
quasi-isotropic, it was important to obtain the mechanical properties in three directions, 
namely longitudinally, transversely and through thickness. Only the ±450/GFRP in the 
beam was modelled as an isotropic material with a longitudinal stiffness of GPa3.16  and 
Poisson’s ratio of 0.15, in order to mitigate the risk of compatibility problems due to the 
complicated shape of the model. Figure 5.2a shows the fibre direction within the GFRP 
elements with respect to the global directions of the FE model. The properties of the 
UD/CFRP composites used in the FE analysis are given in Table 5.1. The mechanical 
properties in the longitudinal direction were obtained from material coupon specimens as 
described in Chapter 3. The properties of the materials in the other directions were 
generally obtained from the literature due to the difficulty in obtaining these values 
experimentally. Figure 5.2b shows the fibre direction within the CFRP elements with 
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respect to the global directions of the FE model. The adhesive film was also modelled as 
an isotropic material with a longitudinal stiffness of GPa5.3  and Poisson’s ratio of 0.3. 
 
 
 
 
 
 
 
Figure 5.2a: GFRP Element Figure 5.2b: CFRP Element 
 
Figure 5.2: Fibre Direction for GFRP/CFRP Elements 
 
Table 5.1: Mechanical Properties for the UD/CFRP Composite Materials 
Material Property High Modulus VTM/266 UD/CFRP 
Ultra-high Modulus 
VTM/264 UD/CFRP 
Longitudinal Modulus (GPa) 135 270 
Transverse Modulus (GPa) 3.50 3.50 
Through-thickness Modulus (GPa) 1.75 1.75 
Longitudinal Poisson’s Ratio 0.28 0.32 
Transverse Poisson’s Ratio* 0.25 0.25 
Through-thickness Poisson’s Ratio* 0.25 0.25 
Longitudinal Shear Modulus (GPa)* 2.60 5.00 
Transverse Shear Modulus (GPa)* 1.35 1.35 
Through-thickness Shear Modulus (GPa)* 1.35 1.35 
* From manufacturers data. 
 
A view of the complete model is shown in Figure 5.3. The whole length of the beam is 
modelled in order to simulate as closely as possible the actual boundary conditions of the 
beam (U2=0, U3=0 LHS and U2=0 RHS). It is also envisaged that the same model could 
then be used in cases where partial debonding (say, on one side) needs to be investigated. 
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Figure 5.3: Complete Model for the FE Analysis of the Hollow Section Beam (Not to Scale) 
 
The load was applied as a pressure to the top surface of the beam under the same 
conditions as the experimental set-up (i.e. a mm60  width plate to spread the load at each 
load point). The FE model in all cases assumed that there was a perfect bond between the 
steel and composite materials. 
 
The 3D section was meshed. The mesh density (or spacing of elements) was gradually 
increased until the results obtained showed no noticeable difference. The resulting mesh 
density was then used for all the beams analysed in this study. The mathematical theory 
used to define the elements’ behaviour in ABAQUS is based on the Lagrangian or 
material description behaviour: the material associated with an element remains 
associated throughout the analysis, and material cannot move along elements (ABAQUS 
2002). This is in contrast to the Eulerian or spatial description in which elements are 
fixed in space as the material flows through them (commonly used in fluid simulations). 
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ABAQUS uses numerical techniques to integrate various quantities over the volume of 
each element; this is undertaken utilising Gaussian quadrature to evaluate the material 
response at each integration point in each element. 
 
An example of the completed beam geometry is shown in Figure 5.4; this shows the 
model for U-shaped beams but the set-up for the analysis of the flat shape beams and two 
different CFRP materials was essentially the same. 
Figure 5.4: Mesh Density for the FE Analysis of the U-shaped Beam in 
Longitudinal Direction (Not to Scale) 
 
From Figure 5.4 it can be seen that the whole beam is divided into four different regions 
in the longitudinal direction. The number and the length of elements in each region in the 
longitudinal direction are given in Table 5.2. 
Table 5.2: Element Dimensions in Longitudinal Direction 
Region Number of Elements Length of Elements (mm) 
1 6 16.667 
2 40 14.250 
3 4 15.000 
4 24 14.167 
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Figure 5.5: Mesh Density for the FE Analysis of the U-shaped Beam in 
Vertical Direction (Not to Scale) 
 
Figure 5.5 shows the cross section view of the U-shaped beam which is divided into six 
different regions. The number, depth and width of elements in each region for ultra-high 
modulus and high modulus are given in Table 5.3, 5.4 respectively. 
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Table 5.3: Element Dimensions in Vertical Direction for Ultra-high Modulus CFRP 
 Materials 
Steel Adhesive Film GFRP 1, 2, 3 CFRP 1, 2 
Region Number of Elements Depth (mm) 
Width
(mm) 
Depth 
(mm) 
Width
(mm) 
Depth 
(mm) 
Width 
(mm) 
Depth 
(mm) 
Width
(mm) 
5 7 5.0 10.0 - - - - - - 
6 1 5.0 5.0 - - - - - - 
7 3 16.867 5.0 - - - - - - 
8 4 14.850 5.0 14.85 0.2 14.85 0.4 - - 
9 1 2.5 5.0 0.2 5.0 0.4 5.0 0.6 5.0 
10 7 2.5 10.0 0.2 10.0 0.4 10.0 0.6 10.0 
 
Table 5.4: Element Dimensions in Vertical Direction for High Modulus CFRP 
 Materials 
Steel Adhesive Film GFRP 1, 2, 3 CFRP 1, 2 
Region Number of Elements Depth (mm) 
Width
(mm) 
Depth 
(mm) 
Width
(mm) 
Depth 
(mm) 
Width 
(mm) 
Depth 
(mm) 
Width
(mm) 
5 7 5.0 10.0 - - - - - - 
6 1 5.0 5.0 - - - - - - 
7 3 16.867 5.0 - - - - - - 
8 4 14.850 5.0 14.85 0.2 14.85 0.4 - - 
9 1 2.5 5.0 0.2 5.0 0.4 5.0 1.2 5.0 
10 7 2.5 10.0 0.2 10.0 0.4 10.0 1.2 10.0 
 
For the flat shaped composite plate/steel beam the dimension of the elements in the 
longitudinal direction is exactly the same as the U-shaped beam (see Figure 5.4 and Table 
5.2). Figure 5.6 shows the cross section view of the flat shape beam which is divided into 
six different regions. Details for the dimensions of elements in each region for ultra-high 
modulus and high modulus are given in Table 5.5, 5.6 respectively. 
Table 5.5: Element Dimensions in Vertical Direction for Ultra-high Modulus CFRP 
 Materials 
Steel Adhesive Film GFRP 1, 2, 3 CFRP 1, 2 
Region Number of Elements Depth (mm) 
Width
(mm) 
Depth 
(mm) 
Width
(mm) 
Depth 
(mm) 
Width 
(mm) 
Depth 
(mm) 
Width
(mm) 
5 6 5.0 10.0 - - - - - - 
6 2 5.0 5.0 - - - - - - 
7 3 16.867 5.0 - - - - - - 
8 4 14.850 5.0 - - - - - - 
9 2 2.5 5.0 - - - - - - 
10 6 2.5 10.0 0.2 10.0 0.4 10.0 0.6 10.0 
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Region 6 
Region 7 
Region 8 
Region 9 
A 
A 
Adhesive Film 
GFRP 1 
CFRP 1 
GFRP 3 
CFRP 2 
GFRP 2 
Region 5 
Region 10 
Table 5.6: Element Dimensions in Vertical Direction for High Modulus CFRP 
 Materials 
Steel Adhesive Film GFRP 1, 2, 3 CFRP 1, 2 
Region Number of Elements Depth (mm) 
Width
(mm) 
Depth 
(mm) 
Width
(mm) 
Depth 
(mm) 
Width 
(mm) 
Depth 
(mm) 
Width
(mm) 
5 6 5.0 10.0 - - - - - - 
6 2 5.0 5.0 - - - - - - 
7 3 16.867 5.0 - - - - - - 
8 4 14.850 5.0 - - - - - - 
9 2 2.5 5.0 - - - - - - 
10 6 2.5 10.0 0.2 10.0 0.4 10.0 1.2 10.0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Mesh Density for the FE Analysis of the Flat-shaped Plate/Steel 
Beam in Vertical Direction (Not to Scale) 
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In terms of relative element sizes, the steel elements have typical ratios of 1:4:6.5, the 
CFRP elements 1:8:25, the GFRP elements 1:12.5:37.5 and the adhesive 1:25:75. Given 
the size of the FE model, these correspond to what was feasible with available computing 
resources. 
 
5.2.1 Non-linear FE Analysis 
 
As expected, the actual performance of the hybrid beams after serviceability loads was 
non-linear. Consequently, to obtain an understanding of the behaviour of the beams 
towards failure, it was necessary to develop the FE model to take into account the non-
linearity of the beam system. When solving a non-linear problem utilising ABAQUS, the 
total load applied to the analysis is divided into a number of increments. In this study the 
load was applied as a pressure to the top flange of the beams divided into fifteen load 
steps for the FE models with ultra-high modulus CFRP and twenty with high modulus 
CFRP. Details for the load steps in each case are given in Table 5.7. 
Table 5.7: Load Steps for FE Models 
Step Load (kN) 
Pressure 
(N/mm2) Beam 1, 3 Beam 2, 4 
1 10 2.0833 √ √ 
2 16 3.3333 √ √ 
3 20 4.1625 √ √ 
4 25 5.2083 √ √ 
5 30 6.2500 √ √ 
6 35 7.2917 √ √ 
7 38 7.9167 √ √ 
8 40 8.3333 √ √ 
9 42 8.7500 √ √ 
10 44 9.1667 √ √ 
11 46 9.5833 √ √ 
12 47 9.7917 √ √ 
13 48 10.0000 √ √ 
14 49 10.2083 √ √ 
15 50 10.4167 √ √ 
16 51 10.6250 - √ 
17 52 10.8333 - √ 
18 53 11.0417 - √ 
19 55 11.4583 - √ 
20 60 12.5000 - √ 
 
The non-linearity of the steel was established in the experimental coupon tests reported in 
Section 4.2.1. The essential properties of this material in the non-linear range are reported 
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in Table 5.8. In the case of the ±450 GFRP and CFRP materials, the values from Figure 
4.1 were used. However, ABAQUS was not able to recognise these as limiting strength 
values. 
Table 5.8: Non-linear Stress-Strain Properties of the Steel 
No. Stress (kN/mm2) 
Plastic 
Strain 
1 221.877 0 
2 234.832 6.0×10-6 
3 251.060 1.5×10-5 
4 267.311 2.9×10-5 
5 283.379 5.4×10-5 
6 299.815 9.4×10-5 
7 320.302 18.2×10-5 
8 352.038 55.2×10-5 
9 367.200 116.7×10-5 
10 374.198 185.0×10-5 
11 382.316 344.5×10-5 
12 385.201 437.3×10-5 
13 388.209 560.2×10-5 
14 391.279 710.8×10-5 
15 394.425 869.1×10-5 
16 404.921 1544.5×10-5 
17 409.648 2015.3×10-5 
18 412.380 2556.2×10-5 
19 412.809 2797.7×10-5 
20 413.101 3020.0×10-5 
21 413.101 3510.8×10-5 
22 413.101 4019.0×10-5 
23 413.101 4517.0×10-5 
24 413.101 4545.0×10-5 
25 413.101 6013.4×10-5 
26 413.101 7350.4×10-5 
 
Table 5.9: Ultimate Strength of FRP Materials 
Material Stress (kN/mm2) 
Plastic 
Strain 
Ultra-high Modulus CFRP 4286.3 0 
High Modulus CFRP 15917.0 0 
±450/GFRP 18217.6 0 
 
5.3 Validation of FE Model 
 
This section will describe the development and validation of the beam designs which 
were fabricated and tested during this study. The main advantage of forming a hybrid 
beam is the ability to use different materials in their most structurally efficient 
configuration. A number of factors were considered in the initial stage of design: 
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• The appropriate location for the Neutral Axis (NA) of the upgraded beam. 
• The possibility of using different APC materials and shapes in the bottom flange 
and/or the web of the steel beam. 
• The need to adopt a simple beam geometry and fabrication technique that could 
easily be scaled up to a full size beam at a later date. 
The FE beam model was validated quantitatively in the linear range by comparisons with 
an analytical method. In the non-linear range, it was compared quantitatively with results 
expected from theory. 
 
In the past it was usual to strengthen steel beams by adding steel strips to their soffits. 
However, the simple theory of bending does not apply to composite beams because it is 
based on the assumption that the beams are homogeneous and that plane transverse 
sections remain plane. In investigating the bending of composite beams, only the second 
assumption is retained: i.e. that plane sections remain plane, and hence strains vary 
directly with their distance from the neutral axis. 
 
The most common method of dealing with a non-homogeneous beam is to transform it 
into an equivalent homogeneous beam to which engineering bending theory may be 
applied. The general case of beams composed of different materials will be discussed 
first. 
 
The steel beam in Figure 5.7a is reinforced with a CFRP strip, the CFRP being securely 
fastened to the steel so that no slip occurs between them as the beam is bent. It is clear 
that simple bending theory cannot be directly applied to the beam under consideration. 
However, by suitable modifications an equivalent section can be obtained in terms of one 
material to which the usual theory can then be applied. 
 
To obtain an equivalent section, consider a longitudinal CFRP fibre of the beam at point 
A. Since the CFRP and the steel are assumed to be firmly bonded together, the strains of 
the CFRP and steel fibres at A must be equal, that is, SCFRP εε = . Expressing this relation 
in terms of the stresses and modulus of elasticity given: 
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S
S
CFRP
CFRP
EE
σσ =               (5.1) 
Furthermore, the loads carried by the CFRP fibre and the equivalent steel fibre must be 
equal, so: 
SCFRP PP =               (5.2) 
or in terms of the areas, 
SSCFRPCFRP AA σσ =              (5.3) 
Combining Equations 5.1 and 5.3: 
SSS
S
CFRP
CFRP AE
EA σσ =⎟⎟⎠
⎞
⎜⎜⎝
⎛
            (5.4) 
from which, by cancelling out Sσ  and denoting the ratio of the moduli of elasticity 
SCFRP EE  by n , we obtain: 
CFRPS nAA =               (5.5) 
 
This indicates that the area of the equivalent steel is n  times the area of the CFRP. The 
location of the equivalent area is governed by the conditions that the equivalent steel 
fibres must be at the same distance from the neutral axis as the CFRP fibres they replace 
in order to satisfy the criterion of equal strains in Equation 5.1. In other words, the 
equivalent steel area is n  times as wide as the CFRP it replaces; the equivalent steel 
section is shown in Figure 5.7b. If desired, an equivalent CFRP section can be set up by 
replacing the original steel by CFRP n1  as wide, as shown in Figure 5.7c. 
 
 
 
 
 
 
(a) Steel and CFRP  
Section 
(b) Equivalent Steel 
Section 
(c) Equivalent CFRP 
Section 
 
Figure 5.7: Equivalent Sections 
b 
b b b/n 
h h
A 
h1 h1 
nb
Steel 
CFRP 
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The engineering bending theory can now be applied directly to either the equivalent steel 
section or the equivalent CFRP section. With the equivalent steel section, the actual 
CFRP stress is n  times the stress in the equivalent steel; with the equivalent CFRP 
section, the actual steel stress is n1  times the stress in the equivalent CFRP. 
 
A similar procedure may be used with beams composed of several materials. For this 
study the variables of the equivalent steel section are listed below (see Figure 5.8). The 
span of the beam and the applied loading are as shown in Figure 5.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: The Variables for the Equivalent Steel Section (Exploded View) 
 
• The width of the steel, b 
• The depth of the steel section, d1 
• The depth of the composite section, dc 
• The thickness of the adhesive film, d2 
A 
L
P P
b
d1 
dc 
N A 
d2 
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t2
d4
t1 t1 
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• The thickness of the GFRP, d3 
• The thickness of the CFRP, d4 
• The thickness of the top flange and webs (left and right), t1 
• The thickness of the bottom flange, t2 
• The distance of applied load from the edge of the beam, A 
• The length of the beam, L 
 
Bending theory for the steel section alone was first used in an Excel spreadsheet, in order 
to calculate section properties and strain values at the top and bottom flange for kN20  
load at each jack. To check the spreadsheet an FE model was also developed for both the 
full and the reduced steel sections using ABAQUS. The full section refers to the original 
steel section properties, before machining mm5.2  off the bottom flange. The reduced 
section refers to the steel beam after this operation. The section properties using the Excel 
spreadsheet are given in Table 5.10. The strain results at midspan from the analytical and 
numerical models are presented in Figure 5.9. 
Table 5.10: Section Properties for Steel Sections Using Excel Spreadsheet 
Steel Section NA from the Top (mm) 
Area 
(mm2) 
Moment of Inertia 
 * 106 (mm4) 
Full 60 1900 3.756 
Reduced 53 1700 2.984 
 
Figure 5.9: Analytical and Numerical Strain for Full and Reduced  
Steel Sections at 20kN Load Per Jack 
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As it can be seen, there is very good agreement between the analytical and numerical 
strain values for both the cases of the full and reduced steel section. It is worth noting that 
the strains in the reduced section are 40% higher, hence the need to rehabilitate using 
FRP composites. 
 
The same procedure was then repeated for the U-shaped ultra-high modulus CFRP 
composite/steel beam. The section properties using the Excel spreadsheet, as well as the 
strain and stress results for the analytical and numerical method are given in Table 5.11 
and Figures 5.10 to 5.12. 
Table 5.11: Section Properties for Composite Section Using Excel Spreadsheet 
 NA from the Top (mm) 
Equivalent Area 
(mm2) 
Moment of Inertia 
 * 106 (mm4) 
Composite 
Section 58 1848 3.591 
 
 
Figure 5.10: Analytical and Numerical Strain for Composite Section at 20kN Load Per Jack 
 
As it can be seen, there is again very good agreement between the analytical and 
numerical stress and strain values. The small differences are to be expected given the 
different nature of the models. 
 
An additional check of the FE model was undertaken by assuming that all the materials 
attached to the steel soffit were isotropic. The results confirmed the expected symmetry 
lines and both stress and strain distribution through the depth were absolutely linear. 
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Figure 5.11: Analytical and Numerical Stress for Composite Section at 20kN Load Per Jack 
 
 
Figure 5.12: Detailed View of the Stress in the Bottom Part of the Section Shown in Figure 5.11 
 
The last validation for the U-shaped composite section beam was with regard to the mesh 
density of the model. The Excel spreadsheet for the composite section used loads of a 
value of kN5  at each jack and the strain and stress results were compared with two 
different FE linear analysis models under the same load. The model with the fine mesh is 
the one reported in Section 5.2, whereas the model with the coarse mesh had roughly half 
the number of elements in the longitudinal direction. Figures 5.13 to 5.15 show the strain 
and stress results down the vertical depth of the beam and it is clear that the values of the 
FE model with the fine mesh are closer to the analytical method values. 
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Figure 5.13: Analytical and Numerical Strain for Coarse and Fine 
Composite Section at 5kN Load Per Jack 
 
Figure 5.14: Analytical and Numerical Stress for Coarse and Fine 
Composite Section at 5kN Load Per Jack 
 
Figure 5.15: Detailed View of the Stress in the Bottom Part of the Section Shown in Figure 5.14 
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5.4 FE Results for the Beams 
 
5.4.1 FE Results for Full and Reduced Steel Beams 
 
This section describes the FE analysis results for the full and reduced steel beams only; 
these are illustrated, by plots of load-deflection and strain and stress profiles, in Figures 
5.16 to 5.21 respectively. 
 
Figure 5.16: Load-Deflection (Per Jack) Response of the Full Steel Section 
 
Figure 5.17: Load-Deflection (Per Jack) Response of the Reduced Steel Section 
 
The results for the full section provided a similar pattern to those obtained for the reduced 
section. From Figure 5.16 and 5.17 it can be seen that the response is linear to kN30  load 
for the full and to kN24  load for the reduced steel section, before becoming non-linear 
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towards failure. The distributions of strain through the depth at the centre of the full and 
reduced steel sections are given in Figures 5.18 and 5.19, whereas the corresponding 
stress distributions are given in Figures 5.20 and 5.21. 
 
 
Figure 5.18: Strain Distribution Response of the Full Steel Section 
 
 
Figure 5.19: Strain Distribution Response of the Reduced Steel Section 
 
From Figure 5.18 it can be seen that the neutral axis position of the full steel section is at 
the half-depth and remains unchanged throughout the loading. In contrast (Figure 5.19), 
the neutral axis position of the reduced steel section moves towards the top flange as soon 
as the fibres of the bottom flange start exhibiting softening response. Figures 5.20 and 
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5.21 illustrate the typical stress blocks developing across the depth of the section, as 
loading increases. The start of effective non-linearity corresponds approximately to 
kN30  for the full and kN24  for the reduced steel section. 
 
 
Figure 5.20: Stress Distribution Response of the Full Steel Section 
 
 
Figure 5.21: Stress Distribution Response of the Reduced Steel Section 
 
5.4.2 FE Results for the Composite Beams 
 
This Section contains the results of the non-linear finite element analysis for the four 
upgraded beam designs. As described earlier, these are identified as: 
Beam 1: U-shape, GFRP/Ultra-high modulus CFRP. 
Beam 2: U-shape, GFRP/High modulus CFRP. 
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Beam 3: Flat plate, GFRP/Ultra-high modulus CFRP. 
Beam 4: Flat plate, GFRP/High modulus CFRP. 
 
The overall load-deflection curves together with key results for stresses and strains and 
their distribution/profile through the composite section are given herein. The detailed 
results pertaining to the steel adhesive interface are presented in the following Section. 
 
Figure 5.22 shows the load per jack against the deflection response of the strengthened 
Beam 1 (with the U-shaped hybrid composite system and ultra-high modulus CFRP). 
Non-linear response commences from about a kN28  to kN30  load value; this is because 
the bottom region of the steel beam commences to exhibit softening characteristics due to 
yielding. The central deflection at this point was mm3.8 . In terms of stiffness, it may be 
seen that the upgraded beam has a very similar response to the full steel beam in the 
linear plastic range. In terms of strength, the upgraded beam appears to have a higher 
ultimate capacity, through the FE model does not account for failure mode in adhesive 
and FRP materials. 
 
 
Figure 5.22: Load-Deflection (Per Jack) Response of the Strengthened Beam 1 
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Figure 5.23: Strain Distribution Response of the Strengthened Beam 1 
 
The strain distribution, in the cross-section at the centre (see Figure 5.4, section B-B), 
clearly shows the shift in the neutral axis position as the load increases particularly after 
the steel has yielded, this is shown in Figure 5.23. From Figure 5.24a it can be seen that 
the response is linear up to kN25  but shows signs of non-linear behaviour at kN30  load. 
In terms of the neutral axis, there is a shift from the initial position of mm60  from the 
bottom in the linear elastic range to a value of mm50  from the bottom at a load of kN50 . 
 
 
Figure 5.24a: Stress Distribution Response of the Strengthened Beam 1 
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Figure 5.24b: Stress Distribution Response of the Strengthened Beam 1 
 
Figure 5.24b is an expanded view of the stress distribution at the bottom part of the 
upgraded beam, in order to appreciate the direct stresses in the adhesive and the FRP 
materials. Clearly, it is the CFRP that makes a major contribution, as might be expected 
given the elastic modulus values of the different materials. 
 
Finally, the load-strain results for nodes located at the centre of the beam at the top (on 
steel) and the bottom (on GFRP) is shown in Figure 5.25. Once more, non-linear response 
becomes evident from about kN25  and above. 
 
 
Figure 5.25: Load-Strain Response of the Strengthened Beam 1 
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Figure 5.26 shows the results obtained for Beam 2, which utilises the high-modulus 
CFRP in place of the ultra-high modulus CFRP. More material is used in this case, as 
described in Chapter 4. 
 
As can be seen, the stiffness of Beam 2 is similar to that of Beam 1; therefore, the 
quantity of the CFRP used in the upgrading of Beam 2 has been designed correctly, and 
in terms of stiffness the two beams are practically identical. They also appear similar in 
terms of ultimate strength. 
 
 
Figure 5.26: Load-Deflection (Per Jack) Response of the Strengthened Beam 2 
 
 
Figure 5.27: Strain Distribution Response of the Strengthened Beam 2 
 
The strain and stress distributions within the centre cross-section (see Figure 5.4, section 
B-B), are shown in Figures 5.27 and 5.28. Both Figures, clearly show the shift in the 
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neutral axis position as the steel yields, but the stress values in Beam 2 at the level of the 
FRP materials are lower than the corresponding stress values in Beam 1 due to the 
difference in the modulus of the CFRP materials (Beam 1 UH-M and Beam 2 H-M). 
Figure 5.29 presents the load-strain response for Beam 2. 
 
 
Figure 5.28a: Stress Distribution Response of the Strengthened Beam 2 
 
 
 
Figure 5.28b: Stress Distribution Response of the Strengthened Beam 2 
 
 
 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
110
120
130
-400 -300 -200 -100 0 100 200 300 400 500 600 700 800
Stress (MPa)
D
ist
an
ce
 fr
om
 th
e 
Bo
tt
om
 (m
m
)
10 kN 16 kN 20 kN
25 kN 30 kN 35 kN
38 kN 40 kN 42 kN
44 kN 46 kN 47 kN
48 kN 49 kN 50 kN
FE ANALYSIS OF BEAM TESTS                                                                                                   CHAPTER 5 
 
 5-27
Nikolaos K. Photiou
 
 
Figure 5.29: Load-Strain Response of the Strengthened Beam 2 
 
The corresponding results for Beam 3 (in which the hybrid ultra-high modulus 
CFRP/GFRP composite is bonded to the bottom flange only) are shown in Figures 5.30 
to 5.33. The load-deflection path followed a similar pattern to that of Beam 1 and Beam 
2. The neutral axis shifted downwards as the steel yielded and the stress values at the 
extreme fibres of the composites are very similar to Beam 1. This is to be expected given 
the relatively small difference in the geometry of the upgrading scheme. However, some 
differences are noticeable; for example, the initial stiffness in somewhat lower than for 
Beam 1 and the deflection at which kN50  capacity is reached is appreciably higher 
( mm35  vs. mm28 ). 
 
 
 
Figure 5.30: Load-Deflection (Per Jack) Response of the Strengthened Beam 3 
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For completeness the results for Beam 3 and Beam 4 are presented in Figures 5.30 to 5.33 
and 5.34 to 5.37 respectively in the same format as those presented earlier for Beams 1 
and 2. 
 
 
Figure 5.31: Strain Distribution Response of the Strengthened Beam 3 
 
 
 
Figure 5.32: Stress Distribution Response of the Strengthened Beam 3 
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Figure 5.33: Load-Strain Response of the Strengthened Beam 3 
 
 
 
Figure 5.34: Load-Deflection (Per Jack) Response of the Strengthened Beam 4 
 
 
 
Figure 5.35: Strain Distribution Response of the Strengthened Beam 4 
0
5
10
15
20
25
30
35
40
45
50
-9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Micro Strain
Lo
ad
 (k
N
)
Top
Bottom
0
5
10
15
20
25
30
35
40
45
50
0 5 10 15 20 25 30 35 40 45 50
Deflection (mm)
Lo
ad
 (k
N
)
Full  Steel Beam
Reduced Steel Beam
Beam 4
0
10
20
30
40
50
60
70
80
90
100
110
120
130
-9000 -8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000 7000
Micro Strain
D
ist
an
ce
 fr
om
 th
e 
Bo
tt
om
 (m
m
)
10 kN 16 kN 20 kN
25 kN 30 kN 35 kN
38 kN 40 kN 42 kN
44 kN 46 kN 47 kN
48 kN 49 kN 50 kN
FE ANALYSIS OF BEAM TESTS                                                                                                   CHAPTER 5 
 
 5-30
Nikolaos K. Photiou
 
 
Figure 5.36: Stress Distribution Response of the Strengthened Beam 4 
 
 
 
Figure 5.37: Load-Strain Response of the Strengthened Beam 4 
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5.4.3 FE Results for the Adhesive Interface 
 
This section presents the strain profiles at the steel/composite interface (adhesive film) of 
the four beams in terms of the direct and shear components ( 11ε , 22ε , 33ε , 12ε , 13ε , 23ε ). 
The output of the FE analysis for each beam has been post-processed in the form of 
contour and line plots. The orientation of the elements with respect to the global axes of 
the model and the convention for the strain components are given in Figure 5.38. 
Furthermore, the location of the various strain profiles with respect to the global axes of 
the model for the U-shaped and the flat FRP composite upgraded beams are shown in 
Figure 5.39 and 5.40 respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 5.38: Node Ordering and Face Numbering on Elements 
 
 
 
 
 
 
 
 
 
Figure 5.39: Schematic Presentation of Strain Profiles for Beams Strengthened  
with U-shaped Hybrid Composite System (Not to Scale) 
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Figure 5.40: Schematic Presentation of Strain Profiles for Beams Strengthened  
with Flat Hybrid Composite System (Not to Scale) 
 
The strain contours for Beam 1 (with ultra-high CFRP U-shaped hybrid composite 
system) at a load of kN50  are presented in Figures 5.41 to 5.46. These contours give a 
general picture of the contact behaviour between the steel and composite system. Figures 
5.47a to 5.52a show the transverse strain profiles ( 11ε , 22ε , 33ε , 12ε , 13ε , 23ε ) along 
section (A-C) at the left hand side (LHS in Figure 5.39) and 5.47b to 5.52b the transverse 
strain profiles at the right hand side (RHS in Figure 5.39) respectively. Figures 5.53 to 
5.70 show the longitudinal strain profiles along the lines (A-A), (B-B) and (C-C) 
respectively. Finally, the peeling strain ( 11ε ) along vertical sections (A-D), (C-E) at the 
LHS and (A-F), (C-G) are given in Figures 5.71 and 5.72 respectively (see Figure 5.39 
for section identification). The results for all the profiles are presented in order to enhance 
clarity and understanding as the strain contours cannot provide quantitative information 
for the behaviour at the interface. 
 
Thus, in summary, the following plots and graphs have been extracted from the non-
linear finite element analysis for Beam 1: 
• 6 contour plots for ( 11ε , 22ε , 33ε , 12ε , 13ε , 23ε ) at kN50 . 
• 12 transverse profiles for ( 11ε , 22ε , 33ε , 12ε , 13ε , 23ε ): 6 at LHS and 6 at RHS. 
FE ANALYSIS OF BEAM TESTS                                                                                                   CHAPTER 5 
 
 5-33
Nikolaos K. Photiou
• 36 longitudinal profiles for ( 11ε , 22ε , 33ε , 12ε , 13ε , 23ε ): 12 down the edges and 6 
down the longitudinal centre-line for one half of the length and 12 and 6 for the other 
half. 
• 4 vertical profiles for ( 11ε ) only: 2 at LHS and 2 at RHS. 
 
The same information has been extracted from the FE analysis of Beam 2 (Figure 5.73 to 
5.104). For Beam 3 (Figures 5.105 to 5.134) and Beam 4 (Figures 5.135 to 5.164) all 
contour plots and transverse and longitudinal profiles remain the same but clearly there 
are no vertical profiles since the strengthening system is applied to the bottom flange 
only. 
 
In discussing the results, observations pertaining to Beams 3 and 4 are presented first, as 
the strengthening system applied to these two beams is simpler. The differences 
introduced by the U-shaped wraps, utilised in Beams 1 and 2, are then highlighted. 
 
The contour plots for Beam 3 (Fig. 5.105 to 5.110) depict a broadly symmetric behaviour, 
with respect to both a longitudinal and transverse middle line, though some small 
deviations from perfect symmetry can be detected. The contour plots also confirm that 
the adhesive transfers the load between the steel and GFRP surfaces principally through 
shear, i.e. ( 23ε ) and ( 12ε ). From the direct strains, longitudinal ( 33ε ) and transverse ( 11ε ), 
due to Poisson effect, components are both lower than the aforementioned shear 
components. The through-thickness direct strain ( 22ε ), for which positive values indicate 
propensity to peel, is generally lower but not negligible. Positive values are observed only 
very close to the edges. 
 
Next the plots, which capture the behaviour of the adhesive in detail throughout the 
loading range, are considered. From Figures 5.111 to 5.116 depicting transverse profiles 
of the strains at the top of the adhesive film (i.e. the nodes shared with the bottom surface 
of the steel flange), it may be observed that the peel strain ( 22ε ) is positive across the 
edge with sharp increases at the corners. Similar trends are exhibited by the transverse 
profiles of the direct strain ( 11ε ) and the shear strain ( 23ε ). In contrast, the direct strain 
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( 33ε ) shows the reverse trend with higher values towards the central part of the section 
compared to the edges. Finally, the remaining two shear components, ( 12ε ) and ( 13ε ), 
reveal profiles that are anti-symmetric about a point at mid-width. The rate of change of 
strain values as the applied load increases appears constant. This can be seen, for 
example, by comparing the strain values for ( 22ε ) at the edges (Fig. 5.112a). It should be 
noted that since these profiles are very close to the two end supports, they are outside the 
zone over which the steel has experienced yielding. Clearly, this is desirable in a practical 
situation since yielding of steel will lead to a redistribution of strain across the cross-
section and may lead to the strains in the adhesive becoming more critical. 
 
Moving on to the longitudinal profiles shown in Figures 5.117 to 5.134, it is clear that 
there are appreciable differences between the profiles along B-B (centre) and the 
corresponding profiles along the edges (A-A and C-C); this is true for all six strain 
components. In all profiles, the influence of the two point load positions is evident. It 
should be recalled that these are applied as uniform patch loads over a width of mm60 , 
centred at mm600  and mm1000  along the x-axis. A common feature of these profiles is 
that non-linear behaviour is present in the beam from about mm300  to mm1300 . It may 
also be observed that the non-linearity becomes most pronounced directly under the point 
loads, i.e. around mm600  and mm1000 , and more so along the edge than along the 
centre profiles. This is valid for the direct strain components (Figures 5.117 to 5.125), 
though the picture is more complex for the shear strains (Figure 5.126 to 5.134). 
 
It may be observed from both the transverse and longitudinal strain profiles that they all 
display an anti-symmetric feature. It is believed that this is due to the coupling terms in 
the stiffness matrix of the structural system examined. In order to test this hypothesis, a 
simple numerical test was performed: the CFRP layers, which are the only two layers 
modelled as anisotropic, were assumed to be isotropic. The resulting FE solution was 
examined and it was found that the strain profiles were symmetric both about a 
longitudinal and a transverse axis. 
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From a practical point of view, it is worth noting that the maximum direct tensile strain is 
found under the point loads; at an applied load of kN50  it reaches a value of με8000  in 
a highly localised region close to the edges, with a value of about με7000  being typical 
in the central part of the beam. Over the same region, the compressive transverse strain 
due to the Poisson effect is about με3000 . Insofar as the peel strain distribution is 
concerned, it may be seen that it is positive only over a very small length at the two ends. 
Hence, the transverse distributions examined earlier contain the maximum value, which is 
found to be around με1000  at a load of kN50 . However, this is again highly localised, 
and a more typical average value at the edge is about με500  to με550 . 
 
The longitudinal profile of the main shear component ( 23ε ) displays, in part, the typical 
behaviour seen in Chapter 3 for the double strap joint. Thus, it starts with a peak at either 
end (left or right) before decaying to very low values over a small length (typically 
mm2010 − ). It then rises again as the vertical point loads are approached and reaches a 
very high value of almost με35000  at kN50 . It is relatively small, but not trivial, close 
to the centre of the beam. By examining the profiles shown in Figures 5.132 to 5.134, it is 
evident that, with the exception of the zones where it takes very small values (from 
mm35020 −  and mm15801250 − ), the values of this strain component change rapidly 
both along longitudinal and transverse directions. In this respect, it is more difficult to 
establish a reasonable average value that could be used in a design context. 
 
For Beam 4 and from Figures 5.141 to 5.146 it can be seen that for the transverse strain 
profiles the shape is exactly the same as in Figures 5.111 to 5.116 for Beam 3, but with 
17% higher values for the peel strains ( 22ε ) (see Figure 5.142) and 11% smaller values 
for the shear strains ( 23ε ) (see Figure 5.146). 
 
Finally, from the rest of the Figures 5.147 to 5.164 it can be seen that for the longitudinal 
strain profiles no significant difference exists between Beam 4 and Beam 3. The peel 
strain ( 22ε ) (see Figures 5.150 to 5.152) is 12% higher for sections (A-A) and (C-C) near 
the point loads at mm600  and mm1000  but it is the same values for section (B-B) as in 
Beam 3 (see Figures 5.120 to 5.122). Similarly, from Figures 5.162 to 5.164 related to 
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Beam 4 it can be seen that the shear strain ( 23ε ) at sections (A-A) and (C-C) is 14% less 
than the value for Beam 3 (see Figures 5.132 to 5.134) and the same as for Beam 3 for 
section (B-B). 
 
It is clear from the above that the two strengthening systems (i.e. ultra-high or high 
modulus CFRP) have been designed to produce practically identical results for the strains 
and stresses in the adhesive. In this respect, the adhesive film would perform equally well 
for either of the two hybrid strengthening systems. 
 
The differences introduced by the U-shaped wraps, utilised in Beams 1 and 2, are 
highlighted below. For Beam 1 and from Figures 5.47 to 5.52 it can be seen that the 
shape of transverse strain profiles is the same as in Figures 5.79 to 5.84 except for the 
peel strain ( 22ε ) and the direct strain ( 33ε ). For the high-modulus CFRP material (Beam 
2), the peel strain is distributed more smoothly near the edges. In terms of maximum 
values, the peel strain for Beam 1 (see Figure 5.48) is 18% higher than for Beam 2 (see 
Figure 5.80). In addition, the shear strains ( 12ε ) and ( 23ε ) for Beam 1 (see Figures 5.50 
and 5.53) are 33% and 25% higher than for Beam 2 (see Figures 5.82 and 5.84 
respectively). 
 
For the longitudinal strain profiles, no significant difference exists between Beam 1 (see 
Figures 5.53 to 5.70) and Beam 2 (see Figures 5.85 to 5.102) in terms of the overall 
shapes. However, there are differences in terms of the numerical values. In particular, the 
normal strain ( 11ε ) for Beam 1 is 30% higher at sections (A-A) and (C-C) near the point 
loads at mm600  and mm1000 . In contrast, it has practically the same values along 
section (B-B) in both Beam 1 and 2. From Figures 5.56 to 5.58 related to Beam 1 it can 
be seen that the peel strain ( 22ε ) at sections (A-A) and (C-C) is 30% higher than the  
corresponding values for Beam 2 (see Figures 5.88 to 5.90) but the values along section 
(B-B) are once more practically identical. 
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Finally, from Figures 5.71 and 5.72 for Beam 1 and Figures 5.103 and 5.104 it can be 
seen that the peel strain ( 11ε ) on the vertical edges at sections (A-D, C-E, A-F, C-G) is 
very low for both Beams. 
 
For a better understanding of the two different strengthening geometries, a comparison 
between Beam 1 and 3 is presented. From Figure 5.47 for Beam 1 and Figure 5.111 for 
Beam 3 depicting the transverse strain profiles ( 11ε ), it can be seen that the profiles are 
the same for a distance of mm30  on either side from the centre of the cross-section. The 
U-shape wrap continues beyond this point and is applied to the entire width 
(corresponding to a distance of mm40  from either side of the centre) and, as can be seen, 
the strain tends to zero as it approaches the corner. Figure 5.48 for Beam 1 and Figure 
5.112 for Beam 3 show that the shape of the peel strain profiles ( 22ε ) is again the same 
till mm30  but with values for Beam 1 considerably lower than for Beam 3. From the 
above observation, it might be concluded that the peel strain is not likely to affect the 
response of Beam 1, neither at the corners of the beam at the bottom nor at the ends near 
the neutral axis (see Figures 5.71 and 5.72). Note that the presence of three GFRP layers, 
implies that the adhesive film is well covered at these vertical ends. Also, for the 
transverse direct strain profiles ( 33ε ) it can be seen that for Beam 1 (see Figure 5.49) the 
strain values start to increase from mm25  onwards from either side of the centre of 
section; in contrast,  in Beam 3 (see Figure 5.113) the profiles are more uniform. For the 
rest of the transverse strain profiles ( 12ε , 13ε , 23ε ) and from the Figures 5.50 to 5.52 for 
Beam 1 and from Figures 5.114 to 5.116 for Beam 3 it can be seen that no significant 
differences exist in the main part (i.e. till mm30  left or right from the centreline). 
 
For the longitudinal strain profiles, a comparison between Beam 1 and 3 is relevant only 
along the (B-B) section. From Figures 5.54, 5.57, 5.60, 5.63, 5.66 and 5.69 for Beam 1 
and from Figures 5.118, 5.121, 5.124, 5.127, 5.130 and 5.133 for Beam 3, it can be seen 
that the shape for all longitudinal strain profiles is the same, except for the profiles ( 12ε ) 
and ( 13ε ). For these two, one shape is the mirror of the other about the horizontal axis. 
Also, from the same Figures it can be deduced that the longitudinal strain values for 
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Beam 1 are about 17%-33% lower than the corresponding strain values of Beam 3. This 
means that the U-shape geometry results in more favourable strain profiles than the flat 
plate, which could be attributed to an enhanced load distribution over a larger (U-shape) 
area. 
 
Finally, broadly the same observations with regard to transverse and longitudinal strain 
profiles can be made in comparing Beams 2 and 4 as were made above in comparing 
Beam 1 and 3. 
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Figure 5.41: Strain ε11 Contours for Beam 1 at the Adhesive Film 
 
 
 
Figure 5.42: Strain ε22 Contours for Beam 1 at the Adhesive Film 
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Figure 5.43: Strain ε33 Contours for Beam 1 at the Adhesive Film 
 
 
 
Figure 5.44: Strain ε12 Contours for Beam 1 at the Adhesive Film 
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Figure 5.45: Strain ε13 Contours for Beam 1 at the Adhesive Film 
 
 
 
Figure 5.46: Strain ε23 Contours for Beam 1 at the Adhesive Film
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Figure 5.47a: Beam 1 Transverse Profile of ε11 at LHS End Section (A-C) Figure 5.47b: Beam 1 Transverse Profile of ε11 at RHS End Section (A-C) 
 
 
Figure 5.48a: Beam 1 Transverse Profile of ε22 at LHS End Section (A-C) Figure 5.48b: Beam 1 Transverse Profile of ε22 at RHS End Section (A-C) 
 
 
Figure 5.49a: Beam 1 Transverse Profile of ε33 at LHS End Section (A-C) Figure 5.49b: Beam 1Transverse Profile of ε33 at RHS End Section (A-C) 
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Figure 5.50a: Beam 1 Transverse Profile of ε12 at LHS End Section (A-C) Figure 5.50b: Beam 1 Transverse Profile of ε12 at RHS End Section (A-C) 
 
Figure 5.51a: Beam 1 Transverse Profile of ε13 at LHS End Section (A-C) Figure 5.51b: Beam 1 Transverse Profile of ε13 at RHS End Section (A-C) 
 
 
Figure 5.52a: Beam 1 Transverse Profile of ε23 at LHS End Section (A-C) Figure 5.52b: Beam 1 Transverse Profile of ε23 at RHS End Section (A-C) 
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Figure 5.53a: Beam 1 Longitudinal Profile of ε11 at A-A Section Figure 5.53b: Beam 1 Longitudinal Profile of ε11 at A-A Section 
 
 
Figure 5.54a: Beam 1 Longitudinal Profile of ε11 at B-B Section Figure 5.54b: Beam 1 Longitudinal Profile of ε11 at B-B Section 
 
Figure 5.55a: Beam 1 Longitudinal Profile of ε11 at C-C Section Figure 5.55b: Beam 1 Longitudinal Profile of ε11 at C-C Section 
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Figure 5.56a: Beam 1 Longitudinal Profile of ε22 at A-A Section Figure 5.56b: Beam 1 Longitudinal Profile of ε22 at A-A Section 
 
 
Figure 5.57a: Beam 1 Longitudinal Profile of ε22 at B-B Section Figure 5.57b: Beam 1 Longitudinal Profile of ε22 at B-B Section 
 
Figure 5.58a: Beam 1 Longitudinal Profile of ε22 at C-C Section Figure 5.58b: Beam 1 Longitudinal Profile of ε22 at C-C Section 
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Figure 5.59a: Beam 1 Longitudinal Profile of ε33 at A-A Section Figure 5.59b: Beam 1 Longitudinal Profile of ε33 at A-A Section 
 
Figure 5.60a: Beam 1 Longitudinal Profile of ε33 at B-B Section Figure 5.60b: Beam 1 Longitudinal Profile of ε33 at B-B Section 
 
Figure 5.61a: Beam 1 Longitudinal Profile of ε33 at C-C Section Figure 5.61b: Beam 1 Longitudinal Profile of ε33 at C-C Section 
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Figure 5.62a: Beam 1 Longitudinal Profile of ε12 at A-A Section Figure 5.62b: Beam 1 Longitudinal Profile of ε12 at A-A Section 
 
Figure 5.63a: Beam 1 Longitudinal Profile of ε12 at B-B Section Figure 5.63b: Beam 1 Longitudinal Profile of ε12 at B-B Section 
 
 
Figure 5.64a: Beam 1 Longitudinal Profile of ε12 at C-C Section Figure 5.64b: Beam 1 Longitudinal Profile of ε12 at C-C Section 
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Figure 5.65a: Beam 1 Longitudinal Profile of ε13 at A-A Section Figure 5.65b: Beam 1 Longitudinal Profile of ε13 at A-A Section 
 
Figure 5.66a: Beam 1 Longitudinal Profile of ε13 at B-B Section Figure 5.66b: Beam 1 Longitudinal Profile of ε13 at B-B Section 
 
Figure 5.67a: Beam 1 Longitudinal Profile of ε13 at C-C Section Figure 5.67b: Beam 1 Longitudinal Profile of ε13 at C-C Section 
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Figure 5.68a: Beam 1 Longitudinal Profile of ε23 at A-A Section Figure 5.68b: Beam 1 Longitudinal Profile of ε23 at A-A Section 
 
Figure 5.69a: Beam 1 Longitudinal Profile of ε23 at B-B Section Figure 5.69b: Beam 1 Longitudinal Profile of ε23 at B-B Section 
 
 
Figure 5.70a: Beam 1 Longitudinal Profile of ε23 at C-C Section Figure 5.70b: Beam 1 Longitudinal Profile of ε23 at C-C Section 
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Figure 5.71a: Beam 1 Vertical Profile of ε11 at LHS End Section A-D Figure 5.71b: Beam 1 Vertical Profile of ε11 at LHS End Section C-E 
 
Figure 5.72a: Beam 1 Vertical Profile of ε11 at RHS End Section A-F Figure 5.72b: Beam 1 Vertical Profile of ε11 at RHS End Section C-G 
 
 
 
 
 
 
 
 
FE ANALYSIS OF BEAM TESTS                                                                                                   CHAPTER 5 
 
 5-51
Nikolaos K. Photiou
 
 
Figure 5.73: Strain ε11 Contours for Beam 2 at the Adhesive Film 
 
 
 
Figure 5.74: Strain ε22 Contours for Beam 2 at the Adhesive Film 
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Figure 5.75: Strain ε33 Contours for Beam 2 at the Adhesive Film 
 
 
 
Figure 5.76: Strain ε12 Contours for Beam 2 at the Adhesive Film 
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Figure 5.77: Strain ε13 Contours for Beam 2 at the Adhesive Film 
 
 
 
Figure 5.78: Strain ε23 Contours for Beam 2 at the Adhesive Film 
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Figure 5.79a: Beam 2 Transverse Profile of ε11 at LHS End Section (A-C) Figure 5.79b: Beam 2 Transverse Profile of ε11 at RHS End Section (A-C) 
 
Figure 5.80a: Beam 2 Transverse Profile of ε22 at LHS End Section (A-C) Figure 5.80b: Beam 2 Transverse Profile of ε22 at RHS End Section (A-C) 
 
Figure 5.81a: Beam 2 Transverse Profile of ε33 at LHS End Section (A-C) Figure 5.81b: Beam 2 Transverse Profile of ε33 at RHS End Section (A-C) 
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Figure 5.82a: Beam 2 Transverse Profile of ε12 at LHS End Section (A-C) Figure 5.82b: Beam 2 Transverse Profile of ε12 at RHS End Section (A-C) 
 
Figure 5.83a: Beam 2 Transverse Profile of ε13 at LHS End Section (A-C) Figure 5.83b: Beam 2 Transverse Profile of ε13 at RHS End Section (A-C) 
 
 
Figure 5.84a: Beam 2 Transverse Profile of ε23 at LHS End Section (A-C) Figure 5.84b: Beam 2 Transverse Profile of ε23 at RHS End Section (A-C) 
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Figure 5.85a: Beam 2 Longitudinal Profile of ε11 at A-A Section Figure 5.85b: Beam 2 Longitudinal Profile of ε11 at A-A Section 
 
 
Figure 5.86a: Beam 2 Longitudinal Profile of ε11 at B-B Section Figure 5.86b: Beam 2 Longitudinal Profile of ε11 at B-B Section 
 
Figure 5.87a: Beam 2 Longitudinal Profile of ε11 at C-C Section Figure 5.87b: Beam 2 Longitudinal Profile of ε11 at C-C Section 
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Figure 5.88a: Beam 2 Longitudinal Profile of ε22 at A-A Section Figure 5.88b: Beam 2 Longitudinal Profile of ε22 at A-A Section 
 
Figure 5.89a: Beam 2 Longitudinal Profile of ε22 at B-B Section Figure 5.89b: Beam 2 Longitudinal Profile of ε22 at B-B Section 
 
Figure 5.90a: Beam 2 Longitudinal Profile of ε22 at C-C Section Figure 5.90b: Beam 2 Longitudinal Profile of ε22 at C-C Section 
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Figure 5.91a: Beam 2 Longitudinal Profile of ε33 at A-A Section Figure 5.91b: Beam 2 Longitudinal Profile of ε33 at A-A Section 
 
Figure 5.92a: Beam 2 Longitudinal Profile of ε33 at B-B Section Figure 5.92b: Beam 2 Longitudinal Profile of ε33 at B-B Section 
 
Figure 5.93a: Beam 2 Longitudinal Profile of ε33 at C-C Section Figure 5.93b: Beam 2 Longitudinal Profile of ε33 at C-C Section 
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Figure 5.94a: Beam 2 Longitudinal Profile of ε12 at A-A Section Figure 5.94b: Beam 2 Longitudinal Profile of ε12 at A-A Section 
 
Figure 5.95a: Beam 2 Longitudinal Profile of ε12 at B-B Section Figure 5.95b: Beam 2 Longitudinal Profile of ε12 at B-B Section 
 
 
Figure 5.96a: Beam 2 Longitudinal Profile of ε12 at C-C Section Figure 5.96b: Beam 2 Longitudinal Profile of ε12 at C-C Section 
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Figure 5.97a: Beam 2 Longitudinal Profile of ε13 at A-A Section Figure 5.97b: Beam 2 Longitudinal Profile of ε13 at A-A Section 
 
Figure 5.98a: Beam 2 Longitudinal Profile of ε13 at B-B Section Figure 5.98a: Beam 2 Longitudinal Profile of ε13 at B-B Section 
 
Figure 5.99a: Beam 2 Longitudinal Profile of ε13 at C-C Section Figure 5.99b: Beam 2 Longitudinal Profile of ε13 at C-C Section 
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Figure 5.100a: Beam 2 Longitudinal Profile of ε23 at A-A Section Figure 5.100b: Beam 2 Longitudinal Profile of ε23 at A-A Section 
 
Figure 5.101a: Beam 2 Longitudinal Profile of ε23 at B-B Section Figure 5.101b: Beam 2 Longitudinal Profile of ε23 at B-B Section 
 
 
Figure 5.102a: Beam 2 Longitudinal Profile of ε23 at C-C Section Figure 5.102b: Beam 2 Longitudinal Profile of ε23 at C-C Section 
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Figure 5.103a: Beam 2 Vertical Profile of ε11 at LHS End Section A-D Figure 5.103b: Beam 2 Vertical Profile of ε11 at LHS End Section C-E 
 
Figure 5.104a: Beam 2 Vertical Profile of ε11 at RHS End Section A-F Figure 5.104b: Beam 2 Vertical Profile of ε11 at RHS End Section C-G 
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Figure 5.105: Strain ε11 Contours for Beam 3 at the Adhesive Film 
 
 
 
Figure 5.106: Strain ε22 Contours for Beam 3 at the Adhesive Film 
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Figure 5.107: Strain ε33 Contours for Beam 3 at the Adhesive Film 
 
 
 
Figure 5.108: Strain ε12 Contours for Beam 3 at the Adhesive Film 
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Figure 5.109: Strain ε13 Contours for Beam 3 at the Adhesive Film 
 
 
Figure 5.110: Strain ε23 Contours for Beam 3 at the Adhesive Film 
  
-250
-200
-150
-100
-50
0
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance Across the Adhesive Elements (mm)
M
i
c
r
o
 
S
t
r
a
i
n
10 kN 16 kN 20 kN
25 kN 30 kN 35 kN
38 kN 40 kN 42 kN
44 kN 46 kN 47 kN
48 kN 49 kN 50 kN
-250
-200
-150
-100
-50
0
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance Across the Adhesive Elements (mm)
M
i
c
r
o
 
S
t
r
a
i
n
10 kN 16 kN 20 kN
25 kN 30 kN 35 kN
38 kN 40 kN 42 kN
44 kN 46 kN 47 kN
48 kN 49 kN 50 kN
0
100
200
300
400
500
600
700
800
900
1000
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance Across the Adhesive Elements (mm)
M
i
c
r
o
 
S
t
r
a
i
n
10 kN 16 kN 20 kN
25 kN 30 kN 35 kN
38 kN 40 kN 42 kN
44 kN 46 kN 47 kN
48 kN 49 kN 50 kN
0
100
200
300
400
500
600
700
800
900
1000
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance Across the Adhesive Elements (mm)
M
i
c
r
o
 
S
t
r
a
i
n
10 kN 16 kN 20 kN
25 kN 30 kN 35 kN
38 kN 40 kN 42 kN
44 kN 46 kN 47 kN
48 kN 49 kN 50 kN
0
100
200
300
400
500
600
700
800
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance Across the Adhesive Elements (mm)
M
i
c
r
o
 
S
t
r
a
i
n
10 kN 16 kN 20 kN 25 kN 30 kN
35 kN 38 kN 40 kN 42 kN 44 kN
46 kN 47 kN 48 kN 49 kN 50 kN
0
100
200
300
400
500
600
700
800
-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance Across the Adhesive Elements (mm)
M
i
c
r
o
 
S
t
r
a
i
n
10 kN 16 kN 20 kN 25 kN 30 kN
35 kN 38 kN 40 kN 42 kN 44 kN
46 kN 47 kN 48 kN 49 kN 50 kN
 
 
 
 
 
 
Figure 5.111a: Beam 3 Transverse Profile of ε11 at LHS End Section (A-C) Figure 5.111b: Beam 3 Transverse Profile of ε11 at RHS End Section (A-C) 
 
 
 
 
 
 
 
Figure 5.112a: Beam 3 Transverse Profile of ε22 at LHS End Section (A-C) Figure 5.112b: Beam 3 Transverse Profile of ε22 at RHS End Section (A-C) 
 
Figure 5.113a: Beam 3 Transverse Profile of ε33 at LHS End Section (A-C) Figure 5.113b: Beam 3 Transverse Profile of ε33 at RHS End Section (A-C) 
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Figure 5.114a: Beam 3 Transverse Profile of ε12 at LHS End Section (A-C) Figure 5.114b: Beam 3 Transverse Profile of ε12 at RHS End Section (A-C) 
 
 
 
 
 
 
 
Figure 5.115a: Beam 3 Transverse Profile of ε13 at LHS End Section (A-C) Figure 5.115b: Beam 3 Transverse Profile of ε13 at RHS End Section (A-C) 
 
 
Figure 5.116a: Beam 3 Transverse Profile of ε23 at LHS End Section (A-C) Figure 5.116b: Beam 3 Transverse Profile of ε23 at RHS End Section (A-C) 
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Figure 5.117a: Beam 3 Longitudinal Profile of ε11 at A-A Section Figure 5.117b: Beam 3 Longitudinal Profile of ε11 at A-A Section 
 
 
Figure 5.118a: Beam 3 Longitudinal Profile of ε11 at B-B Section Figure 5.118b: Beam 3 Longitudinal Profile of ε11 at B-B Section 
 
 
Figure 5.119a: Beam 3 Longitudinal Profile of ε11 at C-C Section Figure 5.119b: Beam 3 Longitudinal Profile of ε11 at C-C Section 
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Figure 5.120a: Beam 3 Longitudinal Profile of ε22 at A-A Section Figure 5.120b: Beam 3 Longitudinal Profile of ε22 at A-A Section 
 
 
Figure 5.121a: Beam 3 Longitudinal Profile of ε22 at B-B Section Figure 5.121b: Beam 3 Longitudinal Profile of ε22 at B-B Section 
 
Figure 5.122a: Beam 3 Longitudinal Profile of ε22 at C-C Section Figure 5.122b: Beam 3 Longitudinal Profile of ε22 at C-C Section 
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Figure 5.123a: Beam 3 Longitudinal Profile of ε33 at A-A Section Figure 5.123b: Beam 3 Longitudinal Profile of ε33 at A-A Section 
 
Figure 5.124a: Beam 3 Longitudinal Profile of ε33 at B-B Section Figure 5.124b: Beam 3 Longitudinal Profile of ε33 at B-B Section 
 
 
Figure 5.125a: Beam 3 Longitudinal Profile of ε33 at C-C Section Figure 5.125b: Beam 3 Longitudinal Profile of ε33 at C-C Section 
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Figure 5.126a: Beam 3 Longitudinal Profile of ε12 at A-A Section Figure 5.126b: Beam 3 Longitudinal Profile of ε12 at A-A Section 
 
Figure 5.127a: Beam 3 Longitudinal Profile of ε12 at B-B Section Figure 5.127b: Beam 3 Longitudinal Profile of ε12 at B-B Section 
 
 
Figure 5.128a: Beam 3 Longitudinal Profile of ε12 at C-C Section Figure 5.128b: Beam 3 Longitudinal Profile of ε12 at C-C Section 
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Figure 5.129a: Beam 3 Longitudinal Profile of ε13 at A-A Section Figure 5.129b: Beam 3 Longitudinal Profile of ε13 at A-A Section 
 
 
Figure 5.130a: Beam 3 Longitudinal Profile of ε13 at B-B Section Figure 5.130b: Beam 3 Longitudinal Profile of ε13 at B-B Section 
 
Figure 5.131a: Beam 3 Longitudinal Profile of ε13 at C-C Section Figure 5.131b: Beam 3 Longitudinal Profile of ε13 at C-C Section 
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Figure 5.132a: Beam 3 Longitudinal Profile of ε23 at A-A Section Figure 5.132b: Beam 3 Longitudinal Profile of ε23 at A-A Section 
 
Figure 5.133a: Beam 3 Longitudinal Profile of ε23 at B-B Section Figure 5.133b: Beam 3 Longitudinal Profile of ε23 at B-B Section 
 
Figure 5.134a: Beam 3 Longitudinal Profile of ε23 at C-C Section Figure 5.134b: Beam 3 Longitudinal Profile of ε23 at C-C Section 
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Figure 5.135: Strain ε11 Contours for Beam 4 at the Adhesive Film 
 
 
 
Figure 5.136: Strain ε22 Contours for Beam 4 at the Adhesive Film 
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Figure 5.137: Strain ε33 Contours for Beam 4 at the Adhesive Film 
 
 
 
Figure 5.138: Strain ε12 Contours for Beam 4 at the Adhesive Film 
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Figure 5.139: Strain ε13 Contours for Beam 4 at the Adhesive Film 
 
 
Figure 5.140: Strain ε23 Contours for Beam 4 at the Adhesive Film 
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Figure 5.141a: Beam 4 Transverse Profile of ε11 at LHS End Section (A-C) Figure 5.141b: Beam 4 Transverse Profile of ε11 at RHS End Section (A-C) 
 
 
 
 
 
 
 
Figure 5.142a: Beam 4 Transverse Profile of ε22 at LHS End Section (A-C) Figure 5.142b: Beam 4 Transverse Profile of ε22 at RHS End Section (A-C) 
 
Figure 5.143a: Beam 4 Transverse Profile of ε33 at LHS End Section (A-C) Figure 5.143b: Beam 4 Transverse Profile of ε33 at RHS End Section (A-C) 
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Figure 5.144a: Beam 4 Transverse Profile of ε12 at LHS End Section (A-C) Figure 5.144b: Beam 4 Transverse Profile of ε12 at RHS End Section (A-C) 
 
 
 
 
 
 
 
Figure 5.145a: Beam 4 Transverse Profile of ε13 at LHS End Section (A-C) Figure 5.145b: Beam 4 Transverse Profile of ε13 at RHS End Section (A-C) 
 
 
Figure 5.146a: Beam 4 Transverse Profile of ε23 at LHS End Section (A-C) Figure 5.146b: Beam 4 Transverse Profile of ε23 at RHS End Section (A-C) 
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Figure 5.147a: Beam 4 Longitudinal Profile of ε11 at A-A Section Figure 5.147b: Beam 4 Longitudinal Profile of ε11 at A-A Section 
 
 
Figure 5.148a: Beam 4 Longitudinal Profile of ε11 at B-B Section Figure 5.148b: Beam 4 Longitudinal Profile of ε11 at B-B Section 
 
 
Figure 5.149a: Beam 4 Longitudinal Profile of ε11 at C-C Section Figure 5.149b: Beam 4 Longitudinal Profile of ε11 at C-C Section 
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Figure 5.150a: Beam 4 Longitudinal Profile of ε22 at A-A Section Figure 5.150b: Beam 4 Longitudinal Profile of ε22 at A-A Section 
 
Figure 5.151a: Beam 4 Longitudinal Profile of ε22 at B-B Section Figure 5.151b: Beam 4 Longitudinal Profile of ε22 at B-B Section 
 
Figure 5.152a: Beam 4 Longitudinal Profile of ε22 at C-C Section Figure 5.152b: Beam 4 Longitudinal Profile of ε22 at C-C Section 
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Figure 5.153a: Beam 4 Longitudinal Profile of ε33 at A-A Section Figure 5.153b: Beam 4 Longitudinal Profile of ε33 at A-A Section 
 
Figure 5.154a: Beam 4 Longitudinal Profile of ε33 at B-B Section Figure 5.154b: Beam 4 Longitudinal Profile of ε33 at B-B Section 
 
Figure 5.155a: Beam 4 Longitudinal Profile of ε33 at C-C Section Figure 5.155b: Beam 4 Longitudinal Profile of ε33 at C-C Section 
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Figure 5.156a: Beam 4 Longitudinal Profile of ε12 at A-A Section Figure 5.156b Beam 4 Longitudinal Profile of ε12 at A-A Section 
 
Figure 5.157a: Beam 4 Longitudinal Profile of ε12 at B-B Section Figure 5.157b Beam 4 Longitudinal Profile of ε12 at B-B Section 
 
 
Figure 5.158a: Beam 4 Longitudinal Profile of ε12 at C-C Section Figure 5.158b Beam 4 Longitudinal Profile of ε12 at C-C Section 
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Figure 5.159a: Beam 4 Longitudinal Profile of ε13 at A-A Section Figure 5.159b: Beam 4 Longitudinal Profile of ε13 at A-A Section 
 
 
Figure 5.160a: Beam 4 Longitudinal Profile of ε13 at B-B Section Figure 5.160b Beam 4 Longitudinal Profile of ε13 at B-B Section 
 
Figure 5.161a: Beam 4 Longitudinal Profile of ε13 at C-C Section Figure 5.161b: Beam 4 Longitudinal Profile of ε13 at C-C Section. 
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Figure 5.162a: Beam 4 Longitudinal Profile of ε23 at A-A Section Figure 5.162b: Beam 4 Longitudinal Profile of ε23 at A-A Section 
 
 
Figure 5.163a: Beam 4 Longitudinal Profile of ε23 at B-B Section Figure 5.163b: Beam 4 Longitudinal Profile of ε23 at B-B Section 
 
Figure 5.164a: Beam 4 Longitudinal Profile of ε23 at C-C Section Figure 5.164a: Beam 4 Longitudinal Profile of ε23 at C-C Section 
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5.5 Concluding Remarks 
 
The following conclusions are obtained from the FE analysis of the hybrid hollow section 
beam presented in this Chapter. 
 
The geometry of the hybrid strengthened beams was effectively modelled in three 
dimensions utilising ABAQUS CAE as the pre-processor and ABAQUS version 6.3 
(ABAQUS 2002) as the analysis tool and post processor. Four different models 
successfully predicted different aspects of the beam’s behaviour. 
 
An analytical model developed using Excel spreadsheets and linear and non-linear FE 
analysis accurately predicted the strain and stress profiles for full, reduced steel sections 
and for the composite along the depth at the cross section at the midspan of the steel 
beams; the comparison of the linear FE results with the analytical model was undertaken 
as a preliminary validation of the FE model. The FE model is further validated through 
comparisons with test results in Chapter 6. 
 
The non-linear analysis is very demanding on computing resources in terms of processing 
time, RAM and storage space. Nevertheless, an attempt was made to explore the different 
aspects of the response, depending on the selection of CFRP and the specification of the 
geometry of the upgrade. Detailed results were produced in terms of load-deflection, 
stress and strain distributions across the depth of the cross-section. Emphasis was placed 
on the FE predictions for the response of the adhesive film. In general, the U-shape 
geometry is superior to the commonly used flat plate. Full results can be found in the 
preceding sections of this Chapter. 
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Chapter 6 Comparison of FE and Test Results 
 
In Chapters 4 and 5, experimental and numerical results for different hybrid 
(steel/composite) hollow section beams were presented. In this Chapter, predictions of the 
FE numerical model are compared with the experimental results. Clearly, a good 
agreement would increase confidence in the validity of the FE model. Comparisons will 
be made in terms of load-deflection and load-strain curves. The strain distribution 
through the depth of the cross-section will also be examined. However, due to 
instrumentation and measurement constraints it will not be possible to compare FE 
predictions for adhesive response with experimental values. Nevertheless, good 
agreement in the quantities compared should be seen as a partial validation of the FE 
model. 
 
Results for load-deflection and for load-strain at centre span for Beam 1 (with the U-
shaped hybrid composite system and ultra-high stiffness CFRP) are shown in Figures 6.1 
and 6.2 respectively. Furthermore, the predicted strain distribution across the depth of the 
cross-section at B-B (see Figure 5.4) is shown in Figure 6.3. 
 
 
Figure 6.1: Average Load-Deflection (per jack) Response of Beam 1 
 
As can be seen, the FE model is able to reproduce the trends observed in the experiments, 
both in terms of overall characteristics (i.e. load-deflection) and in terms of local response 
(i.e. load-strain at the bottom of the section in the middle of the beam). The strain 
distribution across the depth is also in relatively good agreement, especially in the linear 
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range. However, discrepancies are also apparent, for example in the overall beam 
stiffness (see Figure 6.1), and in the strain distribution through the section during non-
linear response (see Figure 6.3). These could be attributed to (i) unavoidable rig 
flexibilities, (ii) the effect of thermal stresses induced during the curing of the composite 
system and (iii) the complex nature of the FE model. It should also be noted, as 
mentioned in Chapter 5, that the numerical model does not account for failure of the FRP 
materials. Thus, the FE results shown in Figure 6.2 indicate that loading can continue 
beyond the strain value that corresponds to CFRP fibre breakage (approximate με4300 ). 
Clearly, beyond this value, the real test beam behaves very differently from its numerical 
counterpart. 
 
 
Figure 6.2: Load-Strain Response at the Centre of Beam 1 
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Figure 6.3: Strain Distribution Response of Beam 1 
 
Corresponding results for Beam 2, strengthened with U-shaped high modulus CFRP are 
shown in Figures 6.4 to 6.6. As can be seen from the load-deflection, load-strain and the 
strain distribution across the depth, the FE model is able to reproduce the trends observed 
in the experiments but some of the discrepancies are the same as for Beam 1. It should be 
noted that for Beam 2 the issue of CFRP failure does not arise as the ultimate strain of 
high modulus CFRP is well beyond the strain values reached in the FE model. 
 
In this test a more detailed strain gauge instrumentation was attempted in order to 
compare results along the length of the beam. Thus, strain gauges (Showa N11-FA-1-
120-11) having gauge lengths of mm8  were bonded, onto the GFRP layer at strategic 
positions, along the length at mid-width of Beam 2 (Figure 6.7). A similar procedure was 
adopted in Beams 3 and 4. 
 
The experimental load-strain results are shown in Figure 6.8 and the corresponding 
numerical results in Figure 6.9. Note that in both Figures a negative sign has been 
inserted to the values of gauges 17, 19, 21 simply in order to facilitate the presentation. 
Furthermore, it should be noted that all six gauges lie within the central part of the beam, 
which is loaded in pure bending. Thus, as might be expected, there is perfect symmetry 
and repeatability in the numerical results. The experimental values shown similar 
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characteristics in the linear range, but differences become noticeable once the load 
exceeds kN30  per jack. The left hand side of the beam appears to be carrying more strain 
and, in fact, the failure location of the CFRP was found to occur the same side. 
 
 
Figure 6.4: Average Load-Deflection (per jack) Response of Beam 2 
 
 
 
 
 
Figure 6.5: Strain Distribution Response of Beam 2 
 
 
 
 
 
0
5
10
15
20
25
30
35
40
45
50
55
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
Average Deflection (mm)
A
ve
ra
ge
 L
oa
d 
(k
N
)
Experimental Cycle  1
Numerical
0
10
20
30
40
50
60
70
80
90
100
110
120
130
-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000
Micro Strain
D
ist
an
ce
 fr
om
 th
e 
Bo
tt
om
 (m
m
)
Exp. 10 kN Num. 10 kN Exp. 16 kN Num. 16 kN Exp. 20 kN
Num. 20 kN Exp. 25 kN Num. 25 kN Exp. 30 kN Num. 30 kN
Exp. 35 kN Num. 35 kN Exp. 38 kN Num. 38 kN Exp. 40 kN
Num. 40 kN Exp. 42 kN Num. 42 kN Exp. 44 kN Num. 44 kN
COMPARISON OF RESULTS                                                                                                           CHAPTER 6 
 
 6-5
Nikolaos K. Photiou
 
Figure 6.6: Load-Strain Response at the Centre of Beam 2 
 
 
 
 
 
 
 
Figure 6.7: Schematic Diagram of a Rectangular Hollow Beam 
Showing Strain Gauge Positions in Longitudinal Direction (Not to Scale) 
 
 
 
 
 
Figure 6.8: Experimental Load-Strain Response along the Bottom of Beam 2 
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Figure 6.9: Numerical Load-Strain Response along the Bottom of Beam 2 
 
The results for Beam 3 (in which the ultra-high modulus CFRP hybrid composite is 
bonded to the bottom flange only) are shown in Figures 6.10 to 6.14. It can be seen from 
Figure 6.10 that the load-deflection comparison is better than for Beams 1 and 2. 
 
 
Figure 6.10: Average Load-Deflection (per jack) Response of Beam 3 
 
However, discrepancies are still apparent, both in the stiffness and in the strain 
distribution, especially in non-linear response (see Figure 6.11). In general, these are 
smaller than for Beams 1 and 2 at least during the linear range (up to about )20kN . 
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An interesting observation that can be made for Beam 3 is that at high loads (above 
kN40 ) the linear tread in the experimentally recorded strain distribution through the 
depth is not maintained. This could be attributed to either a localised effect in the top 
flange (possibly related to a local distribution in the flange plate) or to the initiation of 
web buckling (i.e. non-linear response) in the upper part which is under compression. 
However, these effects were not evident in the numerical results, which exhibit a linear 
trend through the depth over the entire loading spectrum. Finally, Figures 6.12 to 6.14 
compare some load-strain plots, where the agreement appears to be better than for Beam 
1. It is also worth noting the symmetry observed both experimentally and numerically in 
this case. 
 
 
 
Figure 6.11: Strain Distribution Response of Beam 3 
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Figure 6.12: Load-Strain Response at the Centre of Beam 3 
 
 
 
 
 
 
Figure 6.13: Experimental Load-Strain Response along the Bottom of Beam 3 
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Figure 6.14: Numerical Load-Strain Response along the Bottom of Beam 3 
 
Finally, the results for the Beam 4 strengthened with the high modulus CFRP hybrid 
composite bonded to the bottom flange only are shown in Figures 6.15 to 6.19. As can be 
seen from the load-deflection, load-strain and the strain distribution through the depth, 
the FE model is able to reproduce the trends observed in the experiment and the 
discrepancies are of the same order as those in Beam 3, and lower than for Beams 1 and 
2. On the basis of an overall comparison, it may be concluded that the more elaborate 
nature of the U-shaped strengthening system adopted in Beams 1 and 2 gives rise to more 
complex numerical modelling. As a result, the comparisons between FE and tests are, on 
the whole, better for Beams 3 and 4, where just a flat plate strengthening system is 
adopted. 
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Figure 6.15: Average Load-Deflection (per jack) Response of Beam 4 
 
 
 
 
 
 
Figure 6.16: Strain Distribution Response of Beam 4 
 
Figure 6.17: Load-Strain Response at the Centre of Beam 4 
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Figure 6.18: Experimental Load-Strain Response along the Bottom of Beam 4 
 
 
 
 
Figure 6.19: Numerical Load-Strain Response along the Bottom of Beam 4 
 
6.1 Conclusions 
 
The analytical model through Excel calculations described in Chapter 5 provided only 
limited results for the analysis of hybrid beams. For this reason, a non-linear FE analysis 
was carried out. This provided an acceptable comparison with the experimental behaviour 
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results were within 10 to 25% of the corresponding experimental results. In general, as 
the non-linearity of the curves increased, the percentage difference between the FE model 
and the experimental curves generally became more apparent. 
 
The differences between the FE models and experimental results are likely to be caused 
by a number of reasons: 
 
a) The APC material properties were taken from an average of three coupons. The 
variability of the materials has been discussed in Chapter 3 and it was evident that 
some material variability exists, particularly in the longitudinal stiffness of the UD 
CFRP. This may have had an effect, which was not accounted for, in the FE 
solutions. 
b) A number of APC material properties were not determined experimentally, but were 
taken from published literature or supplied by the manufacturer. For example in-
plane shear modulus was not determined by material coupon tests, but a value was 
adopted from literature. The same is true of through-thickness properties. 
Consequently, some errors in this respect could have produced inaccuracies in the 
FE model. 
c) The overall 3D geometry of the hybrid beams was modelled reasonably accurately. 
However, the corners of the steel beam were shaped but were simply modelled as 
right angled. Therefore, both the steel beam and the composite materials, which were 
retrofitted on to the steel beams, were affected by this approximation. Again, this 
would have had an effect on the overall stiffness properties and, hence, the response 
of the beams. 
d) In order to have better aspect ratio in the finite elements which model the thickness 
of the adhesive film, in the FE models the thickness was taken as mm2.0  instead of 
the actual thickness in the experiments which was closer to mm1.0 . 
e) The boundary conditions were assumed to be perfect which may not have been the 
case experimentally. The model allowed free movement at the supports in the 
longitudinal direction. Some resistance will have been active in the physical models. 
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f) The manufacturing technique utilised in the fabrication of the hybrid beams would 
invariably produce some non-uniformities and small deviations from the intended 
shapes and dimensions. This is likely to have caused minor differences when 
compared to the FE model results. 
g) There are inevitable flexibilities and eccentricities present in experimental set-ups 
arising from the finite stiffness of test rig components, the positioning of load-cells, 
platens and specimens in the rig etc. All these effects are not present in the FE 
models which represent fully idealised conditions. 
h) Finally, it should be emphasised that, in spite of the author’s best efforts, there is 
always the possibility of some aspect of “human error” coming into the modelling 
and, hence, affecting the results presented. In order to minimise this risk, various 
comparisons with simply theory were made and the FE results were scrutinised from 
various angles and perspectives. On the whole, by comparing the FE models for four 
beams, each with its own characteristics, and by obtaining consistency in the 
comparisons, it is believed that the FE models have been tested sufficiently. In this 
respect, they could now be used in further parametric studies or, as was the case in 
Chapter 5, to explore certain aspects of the behaviour that cannot be easily obtained 
through experimental measurements. 
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Chapter 7 Conclusions and Further Work 
 
7.1 General Conclusions 
 
The overall objective of this study was to establish the feasibility of utilising dissimilar 
materials to form a structural unit and specifically to analyse experimentally, analytically 
and numerically a hybrid beam consisting of steel and APC materials, the latter 
concentrated in the tensile region. The study is divided into two main areas: 
 
The first part of the study (see Chapter 3) deals with the behaviour of a high modulus and 
an ultra-high modulus CFRP prepreg composite material bonded to steel plates. This part 
of the investigation was undertaken by an experimental analysis of single and double-
strap joints under tensile loading. In addition, by utilising a finite element analysis model, 
the study has provided further insight into the critical stress areas within the joint 
particularly near the discontinuity of the plate and adhesive. However, as a linear analysis 
was only undertaken, numerical results are only qualitative. 
 
In the experimental work attention was given to possible alternative adhesive systems; 
specifically two, two-part epoxy adhesives and an adhesive film were examined. The 
joints with the adhesive film performed well when compared to the in-situ epoxy 
counterparts, with failure loads being in between those obtained for Sikadur31 (an 
accepted civil engineering adhesive) and 3M9323 (an accepted aerospace adhesive); the 
results show an improvement over the Sikadur31 when bonding the high modulus CFRP 
composite to a steel substrate. A feature of using an adhesive film is that the curing 
operation of the composite prepreg plate and the adhesive resin may be undertaken 
simultaneously. For the rehabilitation of steel girders, this can be advantageous, as it 
simplifies the whole operation; provided that resin compatibility between composite and 
film is assured, it can also produce a higher degree of molecular interlocking. 
 
In addition, the possibility of employing different carbon composite systems was 
examined, with both a high and an ultra-high modulus CFRP prepreg used as the 
composite adherend in the joint. One of the disadvantages of using an ultra-high modulus 
CFRP is its low strain to failure; this is evidenced by the relatively low failure load of the 
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joint. By introducing a low modulus GFRP composite prepreg between the steel and the 
ultra-high modulus CFRP composite, a more gradual transfer of shear stresses between 
the two adherends was provided; this additional layer would also prevent galvanic action, 
if conditions leading to this problem were to exist. Clearly, there are many factors that 
must be considered in formulating an appropriate strengthening strategy but the results 
presented in this study demonstrate that a good understanding of the full load-
deformation response of relevant joints, including load-strain and load-extension 
characteristics as well as a failure mode characterisation, is essential. This is particularly 
relevant in quantifying the extent of ductility and load redistribution that can be achieved 
in any particular situation. 
 
The finite element analyses have offered further insight on the load path through the 
composite/steel joint systems particularly in the vicinity of the discontinuity at the 
interface between the FRP and the adhesive materials. 
 
The second part of the study (see Chapters 4 and 5) starts with the experimental and 
numerical investigation of the effectiveness of an ultra-high modulus, and a high 
modulus, CFRP prepreg in strengthening an artificially degraded steel beam of 
rectangular cross-section under four-point loading. Four beams were upgraded, two 
utilising U-shaped prepreg units, which extended up the vertical sides of the beam to the 
neutral axis height, whereas the other two beams used a flat plate prepreg. All beams had 
an identical hybrid lay-up of CFRP and glass fibre reinforced polymer (GFRP) composite 
but for each of the geometrical shapes either an ultra-high modulus or a high modulus 
CFRP was used. Fabrication of the prepreg material was undertaken in-situ and all the 
prepregs were bonded to the steel substrate utilising an adhesive film. 
 
The composite containing the ultra high modulus CFRP failed when the ultimate strain of 
the carbon fibre was reached in the pure moment region. The failure load exceeded the 
plastic collapse load of the undamaged beam, thus demonstrating the effectiveness of the 
proposed upgrading scheme. On re-loading the failed beams, the U-shaped hybrid 
upgrade continued to act compositely with the steel beam outside of a well confined 
region close to the original failure location, whereas the beams with the flat plate upgrade 
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exhibited the typical response of a steel beam, owing to debonding having taken place 
over practically the entire length of the prepreg. The beams using the high modulus CFRP 
reached even higher ultimate loads and exhibited ductile response leading to very high 
deflections; neither fibre breakage nor adhesive failure was observed in either the U-
shaped or the flat plate strengthened beam. 
 
For a better understanding of the experimental work, a numerical investigation was 
performed for the rectangular hollow section beam. Consequently, a finite element (FE) 
model was developed for each of the four hybrid strengthened beams and verified before 
the beams were fabricated and tested. Also, the geometry of the hybrid strengthened 
beams modelled in three dimensions utilising ABAQUS CAE as the pre-processor and 
ABAQUS version 6.3 as the analysis tool and post processor. In addition, the strain 
contour plots, transverse and longitudinal strain profiles of the a non-linear analysis at the 
steel/composite interface (adhesive film) of the four beams in terms of the direct and 
shear components ( 11ε , 22ε , 33ε , 12ε , 13ε , 23ε ) was presented. 
 
From the observation and comparison of the transverse and longitudinal strain profiles, it 
can be seen that they all display an anti-symmetric feature, due to the coupling terms in 
the stiffness matrix of the structural system examined. Also, the through-thickness direct 
strain ( 22ε ), for which positive values indicate propensity to peel, reveals that peel is 
potentially of concern only very close to the free ends. In addition, the design of the two 
strengthening systems, i.e. using ultra-high and high modulus CFRP material, was 
performed so that practically identical results for the strains and stresses in the adhesive 
film are obtained. Finally, from the comparison between the two different geometries, i.e. 
U-shape or flat plate, it can be observed that the former has lower longitudinal strain 
values than the corresponding strain values of the latter and therefore, results in more 
favourable strain profiles. This could be attributed to its larger area (anchorage) and 
hence the enhanced distribution of load. 
 
The experimental and the numerical results for the hybrid beams are compared in Chapter 
6. From this comparison, it can shown that the FE models are able to reproduce the trends 
observed in the experiments, in both load-deflection and load-strain responses and are in 
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reasonable agreement in the linear range. The difference between FE models and 
experimental curves generally became more apparent, as the non-linearity of the curves 
increased. These differences are likely to be caused by a number of reasons such as: (i) 
the variability of the materials, (ii) the fact that some APC materials properties were take 
from literature instead of determining them experimentally, (iii) the approximation to the 
overall 3D geometry of the hybrid beams; the corners of the steel beam were shaped but 
were simply modelled as right angled, (iv) the thickness of the adhesive film was taken 
mm2.0  instead of mm1.0  in the experiments in order to have better aspect ratio in the FE 
models, (v) unavoidable rig flexibilities and eccentricities (vi) the effect of thermal 
stresses induced during the curing of the composite systems and (vii) the possibility of 
some aspect of “human error” coming into the modelling. 
 
7.2 Recommendations for Further Work 
 
Following the completion of the study on the characterisation of single and double-strap 
joints, it is recommended that additional work should be undertaken in the following 
topics: 
• As is well known, for example with double strap joints, the interfacial shear stresses 
in the vicinity of discontinuities rise to a local maximum value. The current 
investigation has shown that the peak value increases as the thickness of the adhesive 
decreases. In practice, it is likely that, as the joint is loaded the stresses at this critical 
position will be redistributed and a precise peak value will not be attained. However, 
more detailed experimental and numerical studies are needed for these effects to be 
fully understood and quantified in composite to steel joints, which should form the 
basis for successful strengthening of steel structures using FRP materials. 
• More accurate and realistic results would have to be obtained from a non-linear FE 
analysis, which needs to consider the non-linear characteristics of the adhesive layer, 
for example the stress-strain response in shear. 
• Furthermore, a three-dimensional FE model could provide useful insight into some 
free edge effects in joints. 
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Following the completion of the study on the characterisation of hybrid beams, it is 
recommended that additional work should be undertaken in the following topics: 
• Further testing on nominally identical hybrid beams should be undertaken in order to 
provide confidence with regard to the repeatability of the results. 
• Further investigations could be pursued to examine a range of parameters in greater 
detail (such as the type of adhesive, the thickness of the various laminates and the 
number of layers, and the length of the composite upgrade) so as to establish the 
relative merits of alternative upgrading systems. Some of these could be undertaken 
as FE parametric studies, using the FE models developed in this study. However, 
there is still need for physical experimentation given the number of possible failure 
modes and the complexity in response. 
• More accurate 3D design of the FE geometry (shaped corners) and introduction of 
thermal effects during the curing of composite materials into the numerical models 
would lead to more realistic results. 
 
7.3 Original Work and Contributions 
 
The author feels his main contributions to the understanding of CFRP retrofitting to steel 
members have been the following: 
• The technique of applying a new fabrication method to the retrofitting of CFRP 
prepreg composites to steel members using materials specially developed, by an 
external firm, for the construction industry. 
• The external and numerical analysis of double strap butt joints using cover plates of 
the developed ultra-high and high modulus carbon fibre composites in which the 
stress transfer from one high modulus adherend to the other is trough a lower 
modulus GFRP composite. 
• Analysing the stress/strain distribution in the hybrid U-shaped upgrade for a degraded 
member by experimental techniques and then undertaking a comprehensive finite 
element analysis to determine the internal stress distributions within the hybrid 
composites and steel members. 
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These investigation have confirmed the structural benefits of externally bonded plates to 
steel members and have illustrated the advantages of using ultra-high modulus over the 
high modulus CFRP composites but within limits. 
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